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A B S T R A C T

Microvascular dysfunction plays a pivotal role in numerous diseases, often preceding clinical symptoms and struc-
tural changes. Ultrasound localization microscopy (ULM) is an emerging ultrasound imaging modality that ena-
bles in vivo visualization of microvascular structures with unprecedented resolution. This narrative review aimed
to examine the recent clinical applications of ULM and its role in biomarker development. It was conducted fol-
lowing PRISMA 2020 guidelines and included 33 articles published up to November 2025, focusing on ULM in
human studies. Inclusion criteria targeted studies evaluating ULM’s clinical applications and biomarkers. Data
extraction encompassed imaging protocols, biomarkers and outcomes, with study quality assessed using the New-
castle−Ottawa Scale. ULM demonstrates significant promise across various organs. In kidney applications, ULM
and its novel variant, sensing ULM, identified glomeruli and microvascular density as biomarkers for kidney dis-
ease and allograft dysfunction. In the brain, transcranial ULM enabled microvascular mapping with a resolution
of 25 μm, aiding the evaluation of Moyamoya disease. ULM has also shown potential in detecting inflammatory
changes in the carotid artery, myocardial microcirculation and testicular vascular architecture. Oncology applica-
tions include monitoring tumor vascularity and therapy response, revealing early microvascular changes unde-
tectable by conventional imaging. Future technical improvements, such as higher-frame-rate clinical scanners,
real-time data processing and clinical 3D imaging capabilities, are necessary to overcome current limitations. To
conclude, ULM is on the verge of clinical translation, offering significant potential for developing microvascular
biomarkers across various tissues and diseases. The medical community must now adopt and refine ULM applica-
tions and establish their role in routine clinical practice.
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Introduction

The assessment of human microvasculature has gained significant atten-
tion due to its critical role in delivering oxygen and nutrients to tissues and
maintaining homeostasis [1]. Microvascular dysfunction is implicated in var-
ious diseases, including arteriosclerosis, diabetes, cancer and kidney disor-
ders, often preceding clinical symptoms and morphological changes [2−6].
Early detection is crucial to prevent long-term complications [2].
The current gold standard for evaluating tissue microvasculature is
biopsy with histopathological analysis; however, it is invasive, carries
risks and provides limited sampling that may not capture tissue hetero-
geneity [7,8]. Imaging modalities such as magnetic resonance imaging
(MRI) and computed tomography (CT) offer perfusion assessments but
lack the resolution to visualize microvascular networks [9−12], while
Doppler ultrasound (US) is limited to detecting larger vessels with rapid
blood flow [13]. Contrast-enhanced US (CEUS) improves sensitivity but
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remains restricted by resolution limitations, making it challenging to
capture microvascular heterogeneity [14−16].

Ultrasound localization microscopy (ULM) is an emerging technique
that enables in vivo visualization of microvascular structures and blood
flow at very high resolution. ULM leverages CEUS cine loops with
injected microbubbles (MBs), which are localized with a subwavelength
precision and then tracked frame-by-frame to reconstruct detailed vascu-
lar images and measure blood flow dynamics [17−21]. Compared to
conventional CEUS and Doppler methods, ULM overcomes sound dif-
fraction limitations and offers superior visualization of microvascular
complexity. Open-source tools have further facilitated access to ULM
technology, promoting standardization and collaborative research
efforts [16,22−24].

Super-resolution US (SRUS) imaging is a general domain that
includes any techniques that can surpass the classical diffraction limit.
ULM is a particular technique that localizes individual injectable MBs to
achieve super-resolution. ULM is used in many SRUS cases.

Despite its potential, clinical translation of ULM remains challenging
due to the need for high-frame-rate US systems and stable imaging con-
ditions, which are not yet widely available in clinical practice
[13,20,25]. However, recent advancements suggest that ULM may soon
be feasible for broader clinical applications. A promising approach
involves repurposing routinely acquired CEUS loops for ULM analysis,
offering a resource-efficient method to explore microvascular structures
without additional imaging [26,27].

This review explores the current clinical applications of ULM,
highlighting its potential within existing technological constraints and
its role in advancing biomarker discovery and validation.

Materials and methods

A PubMed search of MEDLINE articles was conducted following the
PRISMA 2020 guidelines [28] and registered with NIHR-PROSPERO
(CRD42025640156). The search targeted human studies published up
to November 2025 that evaluated ULM.

The search aimed to identify articles containing the following key-
words in the title and/or abstract: (“ultrasound localization microscopy”
OR “super-resolution ultrasound”). A total of 252 articles were
retrieved. Filters were applied to ensure the availability of studies con-
ducted in humans. Reviews, meta-analyses and animal studies were
excluded, resulting in 33 articles discussed in this review (Table 1).

Two reviewers independently screened and extracted data using a
standardized form. The details extracted included author and publica-
tion information, study design, population characteristics, imaging pro-
tocols and ULM-specific techniques, key study outcomes and reported
biomarkers. In addition, references from previously published reviews
on clinical ULM were incorporated to enrich the scope of the procedure
and ensure comprehensive coverage of the field [13,26,29]. The meth-
odological quality of the included studies was assessed using the New-
castle−Ottawa Scale [30]. The risk of bias in individual studies was
evaluated with the Newcastle−Ottawa Scale to ensure the validity of the
results.

The findings were summarized in a narrative synthesis, which pro-
vides an overview of ULM’s clinical applications, emerging biomarkers
and technical advancements. The Supplementary Section details ULM
principles.

Results

The microvasculature is essential in cerebral pathologies such as
stroke, vascular dementia and neurodegenerative conditions [31
−34]. Indeed, the cerebral microvasculature plays a pivotal role in
maintaining neuronal health by ensuring adequate oxygen and nutri-
ent delivery, regulating the blood−brain barrier and clearing meta-
bolic waste. Early alterations in microvascular structure or flow often
precede the onset of overt ischemic lesions or cognitive decline,
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making microvascular assessment a sensitive indicator of cerebrovas-
cular and neurodegenerative disease progression [33,34]. However,
current imaging techniques like CT angiography (CTA) and magnetic
resonance angiography cannot image microvessels or provide
detailed hemodynamic information. By providing subwavelength
visualization of cortical and deep microvessels together with quanti-
tative flow mapping, ULM could bridge the current diagnostic gap
between macrovascular imaging and histopathology. Clinically, this
could enable earlier detection of microcirculatory dysfunction in
stroke, vascular dementia or Moyamoya disease (MD), refine progno-
sis and guide therapeutic monitoring where conventional MRI or CTA
remain insensitive to microvascular remodeling [31−34].

Demen�e et al. [35] measured vascular and hemodynamic parame-
ters transcranially with a programmable research scanner operated at
800 frames/s in 3 patients using unfocused diverging waves opti-
mized for brain imaging, achieving resolutions as fine as 25 μm and a
depth penetration up to 120 mm. Flow velocity maps were generated
for vessels 1 mm in diameter or smaller, characterizing both healthy
and dysfunctional vascular networks. These included functional infor-
mation such as flow speed and direction within the microvasculature.
Cross-sectional flow speed analysis was performed at different points
in the cardiac cycle, with the central median speed measured at
24.9 cm/s and increasing to 33.1 cm/s during diastole. These parame-
ters may be future biomarkers for assessing clotting risks or aneurysm
rupture.

Imaging was conducted through the temporal sutures, focusing on
the central cerebrovascular area. However, the authors proposed that
utilizing the contralateral temporal window, combined with adjustments
to frequency and elevation focus, could enable whole-brain imaging.
Moreover, advancements in real-time processing could improve probe
positioning and facilitate the diagnosis of smaller pathologies, such as
microaneurysms or subtle vascular defects.

On the other hand, Knieling et al. used transfontanellar ULM to
observe the human microvasculature in neonatal patients undergoing
treatment for life-threatening malformations, forming direct connections
between the cerebral arterial and venous systems. They observed that
neuroendovascular treatment of neonatal arteriovenous malformations
caused remodeling and reorganization of the cerebral vasculature by
also activating corticomedullary vascular connections. ULM has thus
enabled them to follow microstructural vascular changes in human neo-
nates with high spatio-temporal resolution [36]. ULM may provide a
novel clinical translatable tool, particularly including cerebral imaging
in very young patients. Recently, Regensburger et al. demonstrated the
first application of transfontanellar ULM to provide super-resolution and
time-resolved information on the microvascular structure and circula-
tion in perinatal stroke. According to the authors, this might accelerate
the diagnosis of acute perinatal stroke in newborns with seizures and,
thus, influence clinical decisions [37].

Recently, Huang et al. obtained a precise distribution of micro-
vasculature in deep cerebral regions in a patient with intracranial
pressure with a resolution of ∼30 μm, using an everyday bedside US
scanner combined with a computerized super-resolution reconstruc-
tion algorithm. Moreover, they found that capillaries and large ves-
sels may have different responding behaviors when the intracranial
pressure value is abated, and they proposed a theory to explain
these contradictions in terms of a time effect and the nature of the
dynamic ensemble [38].

Denis et al. evaluated the utility of 2D transcranial ULM using a
widely available clinical US scanner operated at low frame rates (around
30 frame/s) in 9 patients with MD—a rare chronic arteriopathy charac-
terized by a compensatory network of dense, tortuous perforating small
arteries. Their study produced density maps and reconstructed perforat-
ing arteries with diameters as small as 80 μm. Although the number and
population of vessels appeared greater in patients with MD compared to
controls, these differences were not statistically significant [39]. Simi-
larly, the reconstructions suggested potential morphological differences



Table 1
Studies included in the review

Organ/disease Paper Structure visualized Human participants Specificity Methods used transmission/frame rate

Brain Demen�e et al. [35] Brain; deep vasculature 2 patients, one with aneurysm (distal. right MCA), one with
MM-like disease

Adaptive speckle tracking to correct for motion artefacts and
for ultrasonic-wave aberrations induced during transcra-
nial propagation

2 MHz transmission, 800 Hz frame rate

Knieling et al. [36] Brain 7 neonatal patients with cerebral vascular malformations.
Control group of 8 patients

Transfontanellar 14 Hz frame rate

Huang et al. [38] Brain Patient with intracranial pressure 2 MHz frame rate
Denis et al. [39] Brain; MCA region 9 with MM disease, 15 controls with ischemic stoke not

related to perforating arteries
2 MHz transmission, 19 Hz frame rate

Regensburger et al. [37] Brain 1 late-term newborn with an acute ischemic stroke in the
middle cerebral artery

Transfontanellar N.A.

Carotid artery Goudot et al. [44] Carotid wall vasa vasorum 5 active Takayasu arteritis, 11 quiescent Takayasu arteritis 6.4 MHz transmission, 500 Hz frame rate
Goudot et al. [44] Carotid wall vasa vasorum 5 active Takayasu arteritis ClinicalTrials.gov Identifier: NCT03956394
Leroy et al. [45] Atherosclerotic carotid

plaques
26 patients included, 18 patients with analyzable CEUS

images classified as group A (absence of neovascularisa-
tion, n= 10) and group B (presence of neovascularisa-
tion, n= 8)

7MHz transmission, 500 Hz frame rate

Heart Yan et al. [47] Myocardial vasculature 2 patients with impaired myocardial. Function, 2 controls Custom data acquisition and processing pipeline involving
selection of diastolic phase, removal of MB signals from
tissue signals by singular value decomposition, two-stage
image registration and rigid image registration to align
images across different cardiac cycles

2.4 and 1.7 MHz transmission, 305 Hz
frame rate

Liver Huang et al. [16] Healthy liver 1 patient with healthy liver and 1 patient with acute-on-
chronic liver failure

6 MHz transmission, 415.3 and 490 Hz
frame rate

Kidney Huang et al. [16] Native kidney 1 healthy kidney 6MHz transmission, 250.4 Hz frame rate
Bodard et al. [61] Allograft kidney 35 kidney allografts for optimization, 7 kidney allografts for

assessment
3 MHz transmission, 14−64 Hz frame

rate depending on depth
Denis et al. [39] Allograft kidney (glomeruli) 5 allograft kidneys Double filtering and double tracking of MBs, identification

of functional structures (glomeruli)
15 MHz transmission, 16−64 Hz frame

rate depending on depth
Bodard et al. [57] Native kidney 15 native kidneys compared to 5 kidney allografts Double filtering and double tracking of MBs, identification

of functional structures (glomeruli)
3 MHz transmission, 0.5−5.5 Hz

frame rate
Huang et al. [63] Allograft kidney 16 kidney allografts: 6 normal allograft functions and 10

allograft malfunctions
80 Hz frame rate

Huang et al. [63] Native kidney (AKI and con-
trols)

62 with sepsis, 38 with AKI and 21 controls MB signal separation method using Kalman-filter based
tracking applied to high frame rate clinical. Scanner with-
out MB dilution

5.2 MHz transmission, 500 Hz
frame rate

Chen et al. [60] Native kidney (chronic kid-
ney disease)

3 individuals with kidney disease, 4 healthy controls 3 MHz transmission, high-frame-rate
data acquisition

Huang et al. [63] Healthy kidney One healthy volunteer (25-y-old female) To optimize in vivo data acquisition
Grieshaber-Bouyer Mandel-

baum et al. [62]
Neonatal kidneys 5 human neonate

Lower limb
Prostate

Harput et al. [100] Lower limb 3 healthy volunteers Improved motion correction Transmission 6 MHz, 13 Hz frame rate
Solomon et al. [74] Prostate 1 participant Improvement to sparse recovery process to improve MB

tracking, online estimation process
10 Hz frame rate

Testes Li et al. [72] Testes 76 infertile patients and 15 healthy controls Graph-based tracking with the Kalman motion model algorithm 20 Hz frame rate
Li et al. [73] Testes 36 NOA patients, 58 OA patients Multiple logistic regression analysis to integrate hormone

and vascular criteria for diagnosis
114 Hz frame rate

Thyroid Hansen-Shearer et al. [93] Thyroid 1 participant 3-D transcutaneous using a row−column array with coherence-
based beamforming and rolling sub-aperture processing

Effective frame rate: up to 4000

(continued on next page)
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in the pathological vascular networks of MD, but these findings lacked
statistical significance.

The authors also emphasized the potential for exploring additional
biomarkers, such as flow velocity and pulsatility, which could be
assessed using higher frame rate scanners (Fig. 1) [39,40].

A detailed summary of the key quantitative and qualitative findings
extracted from each included study is provided in Table 2.

Carotid artery

Evaluating arterial wall inflammation in vasculitis, such as
Takayasu’s arteritis (TA), is crucial but remains clinically challeng-
ing. This includes monitoring the structure and flow dynamics of
the vasa vasorum, a microvascular network within the arterial wall
subject to heightened metabolic activity and microvessel enrichment
[41,42]. Characterizing these affected regions is essential for distin-
guishing between active and quiescent phases of the disease and
guiding appropriate immunosuppressive therapy. ULM offers the
unique capability to non-invasively visualize and quantify the vasa
vasorum, providing dynamic metrics of microvascular density and
flow that reflect inflammatory activity within the arterial wall. Clini-
cally, this could enable earlier detection of relapse, improve disease
activity monitoring beyond conventional Doppler or positron emis-
sion tomography/CT, and guide timely adjustments of immunosup-
pressive therapy.

In a pilot study, Goudot et al. demonstrated the potential of ULM
to detect and quantify inflammation-related changes in the vasa
vasorum of the carotid wall in TA. They observed a higher number
of MBs in active disease (121 MBs/s) compared to the quiescent
phase (10 MBs/s, p < 0.001). Additionally, longer MB paths were
recorded (43 mm in active disease vs. 4 mm in quiescent, p <
0.001), along with an increased perfusion score (3.9 mm3/s in active
disease vs. 0.5 mm3/s in quiescent, p < 0.001). These metrics
reflected a marked enhancement of the microvascular network dur-
ing the active phase of TA (Fig. 2).

This quantification of MB passage strongly correlated with arterial
wall inflammation, suggesting it could be a biomarker for disease
activity. However, the study did not include a healthy control group,
as the normal carotid arterial wall is too thin for ULM-based measure-
ments [43]. They confirmed these results in a clinical trial (Clinical-
Trials.gov Identifier: NCT03956394) of 5 patients in which they
demonstrated that vasa vasorum interna were present in humans in
the case of active TA and emphasized the involvement of the intima
in the pathological process [44].

More recently, Leroy et al. [45] confirmed that ULM provides a
precise picture of plaque neovascularisation in patients and could be
used as a non-invasive imaging technique to assess carotid plaque vul-
nerability.

Heart

Coronary heart disease remains the leading cause of mortality world-
wide [46], yet imaging the myocardial microvasculature poses unique
challenges. These include cardiac tissue rigid and non-rigid motion, the
need for a large field of view and the small aperture and high aberrations
from the rib [47]. The myocardial microcirculation plays a critical role
in oxygen delivery and metabolic regulation of the heart, and its
impairment is often an early and potentially reversible event preceding
macrovascular obstruction. Microvascular dysfunction has been impli-
cated in conditions such as ischemia with non-obstructive coronary
arteries, diabetic cardiomyopathy and heart failure with preserved ejec-
tion fraction, where conventional angiography fails to detect abnormali-
ties [46,47]. ULM could provide direct, high-resolution visualization of
myocardial microvascular networks and quantify flow heterogeneity
across cardiac regions. This capability may help identify early microvas-
cular dysfunction before irreversible myocardial damage occurs, guide



Figure 1. Comparison of ULM density maps between control and Moya Moya disease (MD) patients. (a) ULM density map of control patient n°1 right temporal
window, colormap from 0 to 4.5 (a.u.), (b) ULM density map of control patients n°8 left temporal window, colormap from 0 to 5 (a.u.), (c) ULM density map of MD
patient n°16 left temporal window, colormap from 0 to 3.5 (a.u.), (d) ULM density map of MD patient n°18 left temporal window, colormap from 0 to 2.5 (a.u.). (e)
Number of localizations per cm² inside perforating arteries’ region between MD and control patients, (f) number of tracks per cm² inside perforating arteries’ region
between MD and control patients, (g) number of at least 8 pixels connected objects (a.u.), i.e., perforating arteries, inside perforating arteries’ region between MD and
control patients. (h) Mean distance between tracks (px) inside perforating arteries’ region between MD and control patients. Same color bar for all patients. White dot-
ted lines indicate perforating arteries’ area segmentation. Radiological notation, A, anterior; L, left; P, posterior; R, right. Student t-tests were performed to compare
the two groups [39].
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individualized therapeutic interventions and complement conventional
imaging by offering a functional microcirculatory biomarker in coronary
and myocardial diseases.

Yan et al. demonstrated the feasibility of transthoracic myocardial
ULM in a clinical setting in 4 patients with a programmable research
scanner at high frame rate. Only 5 s of the acquisition were used.
Using a customized data processing pipeline, they implemented a
two-level motion correction approach to minimize the effects of car-
diac tissue motion. Intensity-based gating was employed to select
frames during the diastolic phase (minimal motion). After differenti-
ating MB signals from tissue signals, a two-step image registration
process was used, incorporating singular value decomposition filter-
ing to reduce noise and rigid image registration to align images across
cardiac cycles [47,48].
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This method enabled the visualization of myocardial microvascula-
ture and highlighted the potential for developing future biomarkers of
myocardial microcirculation (Fig. 3) [47].

Kidney

The kidneys are affected by a broad spectrum of conditions, includ-
ing ischemic injury, drug toxicity, autoimmune disorders, tumors, arte-
rial hypertension and diabetes—conditions in which microcirculation
plays a critical role. Microcirculation dysfunction is recognized as one of
the earliest indicators of acute kidney injury (AKI) and a key driver of
disease progression [49,50]. Glomeruli, the functional units responsible
for blood filtration and composition regulation [51], rely heavily on spe-
cialized capillary networks, with damage impairing filtration capacity



Table 2
Extracted quantitative and qualitative data

Organ/disease Paper Extracted data

Brain Demen�e et al. [35] Transcranial ULM resolution up to 25 μm; depth up to 120 mm; aberration correction increased detected tracks by +5 to
13% (>10 frames) or up to +43% (>30 frames)

Knieling et al. [36] Visualization of vascular remodeling post-neuroendovascular treatment in neonates
Huang et al. [38] Resolution ∼30 μm; differential capillary/large vessel behavior with intracranial pressure
Denis et al. [39] Perforating arteries visualized in all subjects; diameter 0.8 ± 0.3 mm (controls); track mean distance differentiates Moya

Moya (p ≈ 0.05)
Regensburger et al. [37] First transfontanellar ULM in perinatal stroke

Carotid artery Goudot et al. [43] MB detections/s in carotid wall: 121 (80−146) active TA vs. 10 (6−15) quiescent (p= 0.0005); path length 43 mm vs. 4
mm; perfusion 3.9 vs. 0.5 mm³/s (p < 0.001)

Goudot et al. [44] Visualization of vasa vasorum interna in active TA
Leroy et al. [45] Plaque neovascularization quantifiable with ULM; density 2.9 ± 1.3 vessels/mm² in vulnerable plaques vs. 0.9 ± 0.4 in sta-

ble; correlation with microcalcification (r= 0.62, p < 0.01)
Heart Yan et al. [47] Feasibility of transthoracic ULM; visualization of myocardial microvasculature; 5 s acquisition; successful in 8/10 subjects
Liver Huang et al. [16] Greater vessel tortuosity and tapering in diseased liver vs. healthy
Kidney Huang et al. [16] Resolution 57.5 μm; motion <15 μm; differentiation of cortical arteries/veins

Chen et al. [60] Loss of vasculature in CKD; reduced blood flow and hypoxia hypothesis
Bodard et al. [61] Visualization of vessels down to 0.3 mm; smallest analyzable vessel cross-section on ULM: 0.3 ± 0.2 mm; vs. SMI 0.8 ±

0.3 mm, ADF 1.2 ± 0.4 mm, color Doppler 1.3 ± 0.5 mm; maps of interlobar, arcuate, cortical, medullary vessels
Denis et al. [23] sULM detects microbubble behavior in glomeruli; quantitative metrics include remanence time and normalized distance;

visualization of 5%−10% of glomeruli in allografts
Bodard et al. [57] Native kidneys: 16 glomeruli/cm² (6−31); Allografts: 33 glomeruli/cm² (18−55); visualization success 12/15
Huang et al. [63] AKI vs. control: TTP 80.3 s vs. 54.2 s; density 18.46 vs. 44.93; RI 0.69 vs. 0.61 (p < 0.003)
Huang et al. [63] Allograft dysfunction: density 14.6% vs. 31%; flow 13.8 vs. 19.2 mm/s; p < 0.001
Huang et al. [63] Optimal MB dose and imaging window 1−2 min; tradeoff MB sparsity/SNR
Grieshaber-Bouyer Mandelbaum et al. [62] Glomeruli in the renal cortex of neonates using a standard clinical ultrasound device

Testes Li et al. [72] Resolution 75 μm; OA vessel diameter 187.4 μm vs. NOA 135.1 μm (p< 0.001); vessel density 0.53 vs. 0.39 (p< 0.01)
Li et al. [73] OA vs. NOA: vessel diameter 183.6 vs. 141.3 μm; density 0.542 vs. 0.392; fractal 1.852 vs. 1.793; correlations with FSH

(r= −0.67, p < 0.001)
Prostate Solomon et al. [74] Resolution 220−330 μm
Thyroid Hansen-Shearer et al. [93] Partial vascular network assessed in 3D
Tumors
Breast Dencks et al. [87] Feasibility; quantifiable parameters from incomplete vessel trees

Opacic et al. [88] HER2+ and TNBC vascular phenotypes; perfusion changes post-chemotherapy
Morris et al. [76] Changes in vessel density/diameter/flow entropy post-RT; detection 2 wk vs. RECIST 6 mo
Huang et al. [16] Resolution improvement over power Doppler
Lei et al. [89] Microvessel density positively correlated with elasticity (SWE)
Li et al. [90] Qualitative morphology AUC 0.935 (Sens 94.1%, Spec 92.9%); best quantitative: largest diameter AUC 0.962 (cutoff 763.9

μm; Sens 88.2%, Spec 92.9%)
Liver Zeng et al. [91] FNH vs. HCC/LM: higher vessel density, fractal dimension, flow entropy (p < 0.01)
Kidney Bodard et al. [92] Tumor vs. pseudotumor: glomeruli paths 10 ± 6 vs. 26 ± 5/cm²; dispersity 0.13 vs. 0.3 AU
Prostate Kanoulas et al. [75] Excellent correspondence between velocity maps and histopathology. Reasonable spatial agreement between density maps

and histologic sections
Lymph node Zhu et al. [94] Flow irregularity 60% higher in metastatic vs. reactive LN (p= 0.0465)

ADF, advanced dynamic flow; AKI, acute kidney injury; AUC, area under the curve; CKD, chronic kidney disease; FNH, focal nodular hyperplasia; FSH, follicle-stimulating
hormone; HCC, hepatocellular carcinoma; HER2, human epidermal growth factor receptor 2; LM, liver metastasis; LN, lymph node; MB, microbubble; NOA, non-obstructive
azoospermia; OA, obstructive azoospermia; RI, resistive index; RT, radiotherapy; Sens, sensitivity; SMI, superb microvascular imaging; Spec, specificity; SWE, shear wave
elastography; TA, Takayasu arteritis; TNBC, triple-negative breast cancer; TTP, time-to-peak; ULM, ultrasound localization microscopy.

Figure 2. Example of active Takayasu arteritis. CTA reconstruction in frontal view of the right common carotid artery (a). Image at the same site obtained in ULM
(obtained from 8-s long acquisition after motion correction) with visualization of microvessels (b). Fluorodeoxyglucose positron emission tomography/computed
tomography imaging shows intense fixation localized to the common carotid walls (c) [43].
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Figure 3. In vivo transthoracic myocardial ULM imaging. (a and d) Myocardial ULM density maps. The yellow dashed lines indicate the chamber regions that were
cropped out. (b and c) Zoomed-in density map of white boxes in d and g, white solid lines indicate where the vessel was cut for cross-section analysis. (e and f) The den-
sity profile normalized to its maximum from the cross-section analysis [47].
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[52−54]. However, the small size of glomeruli (∼200 microns) [55,56]
renders them invisible to conventional imaging techniques, leaving
functional assessment reliant on indirect methods such as blood or urine
tests or invasive biopsies [57−59]. ULM provides a unique opportunity
to non-invasively visualize renal microvascular networks and even iden-
tify individual glomeruli in vivo, offering spatially resolved information
that previously required histology. Clinically, this approach could enable
early detection of microvascular rarefaction in acute and chronic kidney
disease, improve graft monitoring without repeated biopsies and sup-
port the development of quantitative microvascular biomarkers to guide
nephroprotective strategies.

Huang et al. [16] demonstrated that clinically available high-frame-
rate US scanners, capable of operating at >500 Hz (compared to 10
−15 Hz for conventional systems), can achieve super-resolution micro-
vascular visualization within a relatively short acquisition time (6.0−9.7
s). They achieved a spatial resolution of 57.5 μm, reduced residual tissue
motion to <15 μm, and could distinguish individual MBs with opposite
flow directions in the arteries and veins of the cortex.

Recently, Chen et al. used available high-frame-rate US scanners to
compare blood vessels of native human kidneys in normal and disease
Figure 4. ULM of kidney grafts. (a) ULM density maps in two patients highlight in
medullar organization (4). (b) ULM directivity maps in two patients. (c and d) Close-u
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states. They demonstrated loss of kidney vasculature in chronic kidney
disease, a phenomenon shown repeatedly in animal models of disease.
Reduced blood flow could subject the kidney to chronic hypoxia and
promote further injury [60]. SRUS provides unique data on vascular
structure that could aid in our understanding and treatment of kidney
disease.

Quantitative microvascular analysis in kidney grafts was performed
by refining post-processing methods of image obtained using a commer-
cially available clinical US system at low frame rate [61]. This study gen-
erated ULM-derived density maps that revealed interlobar, arcuate,
cortical radial vessels and portions of the medullary structure. A mean
smallest imageable vessel diameter of 0.3 mm was achieved, compared
with superb microvascular imaging (0.8 mm), advanced dynamic flow
(1.2 mm) and color Doppler (1.3 mm). These findings highlighted ULM’s
potential as a non-invasive imaging tool for identifying kidney disease
biomarkers using standard clinical equipment, paving the way for
expanded clinical research (Fig. 4) [61].

Building on this work, “sensing ULM” (sULM), a novel technique
classifying MB motion patterns was introduced [23]. This advancement
enabled the first in vivo visualization of approximately 5%−10% of
terlobar arteries (1), arcuate arteries (2), cortical radiate arteries (3) and part of
p of the two patients’ ULM directivity maps [61].



Figure 5. Glomeruli observed in the cortex of human kidneys by sULM. (a) sULM density map in patient one with superimposed slow-tracking (pink) and fast-
tracking (green). (b) Zoom in the cortex area. (c) Zoom of yellow track highlighted in part (b). (d) Zoom of red track highlighted in part (b) [23].
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kidney glomeruli in allografts. sULM’s spatial coverage far exceeded that
of biopsy, potentially reducing sampling errors in kidney assessments
(Fig. 5) [23]. Grieshaber-Bouyer Mandelbaum et al. [62] further vali-
dated this technique in the kidneys of 5 neonates.

Further validation of sULM was conducted in native kidneys, where
imaging is more challenging due to greater depth and limited accessibil-
ity. In these cases, imaging duration was constrained by the patient’s
breath-holding capacity to minimize motion artifacts, reducing the data
acquisition volume. Native kidneys, with an average depth of 98 mm
compared to 36 mm for grafts, exhibited fewer MB tracks (mean 148/
cm2 in native kidneys vs. 679/cm2 in allografts) and fewer detected glo-
meruli for the same acquisition time (16/cm2 in native kidneys vs. 33/
cm2 in allografts), highlighting depth-related limitations (Fig. 6) [57].
Figure 6. Composite density maps of two native kidneys. Composite density in tw
bility of glomeruli with slow microbubbles in green and fast ones in pink (b and d). Sc
the medulla [57].

898
Huang et al. [63] explored ULM’s utility in AKI, reporting increased
renal cortex transit times (80.3 s in AKI vs. 54.2 s in controls, p < 0.001),
reduced microvascular density (18.46 in AKI vs. 44.93 in controls, p <
0.001) and altered perfusion (renal interlobar flow resistance index of
0.69 in AKI vs. 0.61 in controls, p = 0.003). Microvascular density
reduction, potentially reflecting neutrophil infiltration and microvascu-
lar embolism [64], correlated negatively with serum creatinine levels
and aligned with other biochemical markers, including urine output and
glomerular filtration rate.

Huang et al. observed significant decreases in microvascular density
(31% in patients with normal allografts vs. 14.6% in those with allograft
dysfunction) and microvascular flow rates (19.2 mm/s vs. 13.8 mm/s, both
p < 0.001). They proposed combining ULM-derived microvascular density
o native kidneys (a and c). Treatment and color representation enhance the visi-
ale bars indicated 4 mm. The arrows show examples of glomeruli. The stars show
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with CEUS time-to-peak measurements as a novel biomarker for renal allo-
graft dysfunction, refining the selection of patients requiring biopsy [63].

Finally, Huang et al. studied the optimum criteria for consistent and
reproducible ULM. They showed that optimizing ULM in humans requires
balancing MB sparsity, count and signal-to-noise ratio, with an optimal
imaging window of 1−2 min during the wash-out phase. Higher MB doses
delay peak concentration and extend the wash-out phase, but can impair
localization due to overlap. Increased acoustic power enhances MB signal
and penetration but risks MB destruction in later phases [65].

Testes

Azoospermia, a major cause of infertility affecting ∼1% of men, is
classified as either non-obstructive (NOA) or obstructive azoospermia
(OA) [66,67]. The gold standard for diagnosis is biopsy, which carries
risks of unintended tissue damage that may further impair fertility
[68,69]. Teste microcirculation is closely linked to spermatogenic func-
tion and holds diagnostic potential [70,71]. ULM enables detailed map-
ping of testicular microvasculature and quantification of flow patterns,
providing functional insights that correlate with spermatogenic activity.
Clinically, it could offer a non-invasive alternative to biopsy for distin-
guishing obstructive from NOA, monitor treatment response and
improve fertility preservation by identifying patients who may still ben-
efit from sperm retrieval procedures.

Li et al. achieved detailed mapping of testicular microvascular archi-
tecture in 76 infertile NOA and OA patients compared to 15 controls
with a resolution of 75 μm and blood vessel separation of 81 μm using
Figure 7. ULM of testicular microvasculature in patients with non-obstructive
sents NOA, and the bottom panel represents OA. Each panel includes a direction map
flow toward the transducer, while blue signifies flow away from the transducer) and a
tissue. Highlighted regions of interest within white boxes were magnified to provide a
tic. MB, microbubble. Scale bars = 1 cm [72].
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regular frame-rate clinical US. They assessed parameters such as tortuos-
ity, vascular density, branching patterns and blood flow connectivity.
Mean vessel diameter emerged as a promising biomarker for differenti-
ating azoospermia types, with larger mean vessel diameters observed in
OA (187.4 μm) compared to NOA patients (135.1 μm). The study pro-
posed a negative feedback loop in sperm production as a potential bio-
logical mechanism for these vascular differences, though it was not
histologically confirmed [72].

In a subsequent paper, Li et al. explored pressure distribution
mapping derived from velocity distribution data. NOA patients
exhibited uneven pressure distribution, with areas of low pressure
correlating to sparse blood perfusion and reduced vascular density—
both linked to impaired fertility. In contrast, OA patients displayed
more uniform vascular pressure distributions, indicating better-pre-
served microvascular function. They also revealed increased mean
vessel diameter, vascular density and fractal number in OA
(183.6 μm, 0.542, 1.852) compared to NOA (141.3 μm, 0.392,
1.793). These findings suggest a more robust vascular network in
OA, potentially as a compensatory mechanism in response to repro-
ductive tract obstruction [73].

This study further established a direct connection between testicular
microvasculature and spermatogenic function. Key hormones regulating
testicular function, such as follicle-stimulating hormone (FSH) and luteiniz-
ing hormone, negatively correlated with mean vessel diameter and veloc-
ity. The authors proposed a combined diagnostic model integrating clinical
parameters (e.g., FSH levels) and vascular biomarkers (e.g., mean diameter)
to assess testicular function comprehensively (Fig. 7) [73].
azoospermia (NOA) and obstructive azoospermia (OA). The top panel repre-
on the left, displaying the orientation of blood flow (red indicates microbubble
velocity map on the right, showing the speed of blood flow within the testicular
closer view of each condition’s vascular patterns and flow dynamics characteris-
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Other organs

Huang et al. [16] used clinically available high-frame-rate US scan-
ners to reveal greater tortuosity of vessels in the diseased liver compared
to a healthy liver and tapering in the main branches, suggesting patho-
logical changes to the liver tissue.

Solomon et al. demonstrated advances in super-resolution imaging
(SRI) in the prostate. They employed a novel method, 3SAT, which uses
weighted sparse recovery minimization combined with online tracking
of individual MBs, resulting in a resolution of around 220−330 μm. This
improved algorithm was applied to data from a human prostate, enhanc-
ing the detection rates of MBs and improving motion tracking, which
enabled the extraction of more detailed quantitative information on
microvascular structure and hemodynamics. Real-time processing could
improve ULM in clinical practice by allowing better probe positioning
and facilitating the detection of small pathologies. However, the findings
were based on data from a single patient, highlighting the need for fur-
ther research and validation in larger cohorts to confirm the method’s
clinical applicability [74].
Figure 8. ULM of breast tumors before and post-radiotherapy. (a) Breast core tum
baseline (left) and 2 wk post-radiotherapy (right) showing a clear reduction in blood
vessel lumens generally appear smaller post-radiotherapy treatment. (b) Super-resolu
wk post-radiotherapy (right). (c) Plot of the absolute values of the natural logarithm o
participants pre-radiotherapy and 2-wk post-radiotherapy, with the black line being a
at 2 wk post-RT for 10 participants. The black line is the line of best fit, and the dashed
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Finally, a recent 3-D transcutaneous study using a row−column
array demonstrated in vivo feasibility on the human thyroid, after
introducing a coherence-based beamforming and rolling sub-aperture
processing that reduced false localizations from ∼26% to ∼15%,
improved signal/noise ratio by ∼7 dB, and raised the effective frame
rate to >4000 frame/s. These advances enabled non-invasive super-
resolution mapping of thyroid microvasculature with markedly fewer
artefacts, supporting the clinical potential of ULM for superficial
endocrine organs [75].

Oncology

CT and MRI remain the standard imaging modalities for monitoring
tumor size based on response evaluation criteria in solid tumors (RECIST)
criteria [76]. However, these techniques fail to capture the complexity and
heterogeneity of tumors [77] or the earliest biological changes in response
to treatment [78]. Pathological angiogenesis, a hallmark of cancer [5],
drives the development of tortuous and irregular microvascular structures
[79−81], contributing to regional hypoxia and therapy resistance [82].
or biopsy section from a participant stained for CD31 (endothelial cell marker) at
vessels. Some blood vessel examples are highlighted with red arrows; the stained
tion ultrasound (SRUS) images from the same participant at baseline (left) and 2
f the SRUS vessel density and CD31 count (as scored by a histopathologist) for 10
line of best fit. (d) Plot of the change in the SRUS vessel density and CD31 count
black lines represent zero change. The colors signify the participants [74].
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These features make angiogenesis a promising target for developing bio-
markers for early detection, prognosis, therapy selection, therapeutic
response monitoring [80] and early identification of non-responders [83
−86]. ULM offers the ability to resolve and quantify tumor microvascular
architecture and dynamics at the capillary scale, enabling direct assessment
of angiogenic activity and perfusion heterogeneity. Clinically, this could
provide early biomarkers of therapeutic response, complement or surpass
RECIST-based assessments by revealing functional changes before size
reduction, and help tailor anti-angiogenic or radiotherapy (RT) strategies
to individual tumor biology. a. Breast tumors

In a pioneering study, Dencks et al. shown that clinical SRI is feasible
with a single contrast agent injection within measurement times of less
than 5 min. Although vessel trees were not imaged completely with the
statistical sampling by the MBs, relevant parameters could be derived
also from incomplete vessel trees by investigating their reconstruction
over time [87]. The same year, Opacic et al. demonstrated the ability to
identify tumors based on their vascular phenotype in animal models.
They used longer measurement times (approximately 40 s) and achieved
a spatial resolution of 10 μm. As a clinical proof-of-concept, they
extended this approach to the tumors of three cancer patients. In their
clinical findings, a HER2-positive breast cancer patient exhibited a vas-
cular pedicle, with a dense network of feeding and draining vessels in
the lower part of the tumor and homogeneous vascularization
Figure 9. ULM of breast tumor with high-frame-rate ultrasound scanners. (a) B-
old patient after neoadjuvant chemotherapies, with white arrows roughly indicating th
image of the human breast tumor. (c) The corresponding bi-directional microvessel d
and blue color representing the downward flow. (d) Corresponding super-resolution m
ity. (e) Zoom-in region (indicated by the white rectangle in part [b]) of the contrast-en
olution microvessel density image. (g) Corresponding zoom in the region of the super-
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throughout the tissue, albeit with increased vascularization on one side.
A second patient with triple-negative breast cancer (TNBC) demon-
strated increased vascularization following the first chemotherapy
administration, with relative blood volume rising from 0.04% to 1.8%
despite a reduction in tumor volume. This high vascularization persisted
with a further decrease in tumor volume after a second dose of chemo-
therapy. Enhanced peripheral vascularization was observed in another
TNBC patient following the first and second chemotherapy cycles, with
increased relative blood volume despite tumor volume decreasing from
25.6 cm3 to 3.0 cm3 and then to 0.8 cm3 [88].

Morris et al. further demonstrated the utility of multi-plane SRUS in
assessing microvascular changes in a study involving 24 repeatability scans
on 11 patients post-RT. Sensitive and repeatable biomarkers revealed het-
erogeneous microvascular responses to RT, including vessel density, diame-
ter, blood flow speed and local blood flow direction entropy. Significant
changes were observed in half of the patients within 2 wk of treatment,
compared to only one detected using RECIST criteria. By 6 mo, all partici-
pants showed significant changes in at least one ULM parameter, whereas
only 6 patients demonstrated changes with RECIST criteria [76]. A compari-
son with histopathological vessel count scores showed agreement in 70% of
patients, with both methods indicating the same directional changes. How-
ever, while histological CD31 staining detects both functional and non-func-
tional vessels, ULM uniquely identifies only functional vessels with active
mode image of a breast tumor diagnosed as ductal carcinoma in situ from a 49-y-
e boundary of the lesion. (b) Corresponding super-resolution microvessel density
ensity image is similar to part (b), but with red color indicating the upward flow
icrovessel velocity image, with colormap indicating the magnitude of the veloc-
hanced power Doppler image. (f) Corresponding zoom-in region of the super-res-
resolution microvessel velocity image [16].
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blood flow. This highlights ULM’s potential to provide more precise and
clinically relevant insights into tumor microvascular function (Fig. 8).

Moreover, Huang et al. [16] analyzed a breast tumor with clinically
available high-frame-rate US scanners at a depth of 15 mm and demon-
strated a substantial improvement in resolution compared to power
Doppler (Fig. 9).

Furthermore, Lei et al. evaluated the correlation between the
elastic modulus, assessed using shear-wave elastography (SWE) and
microvascular characteristics captured through SRUS, in order to
evaluate the effectiveness of combining these techniques in distin-
guishing between benign and malignant breast masses. They demon-
strated that the microvessel density of the breast mass shows a
significant positive correlation with maximum elasticity. By integrat-
ing SRUS with SWE, they propose a novel diagnostic approach
designed to improve specificity and accuracy in breast cancer detec-
tion [89]. This approach shows promise for early breast cancer
detection, with the potential to reduce the need for unnecessary
biopsies and improve patient outcomes.

Finally, a prospective, multicenter clinical trial involving 83
patients has been launched to evaluate the role of ULM in differentiat-
ing benign from malignant breast tumors and predicting histologic bio-
markers associated with prognosis. The protocol for this study, which
aims to explore both qualitative and quantitative ULM parameters, has
Figure 10. ULM of a large pancreatic tumor using high-frame-rate scanners. (a) B-m
indicating the boundary of the lesion. (b) Super-resolution microvessel density image of th
image is similar to part (b), but with red indicating the upward flow and blue representing
with colormap indicating the magnitude of the velocity. (e) Zoom-in region (indicated by th
responding zoom-in region of the super-resolution microvessel density image. (g) Correspon
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been published and registered under the Chinese Clinical Trial Registry
(ChiCTR2100048361) [90]. b. Pancreatic tumor

Huang et al. tested ULM using clinical high-frame-rate scanners to
evaluate a large pancreatic tumor at a depth of 60 mm. They successfully
differentiated feeding and draining vessels, providing detailed morpho-
logical and hemodynamic characteristics with high resolution (Fig. 10)
[16]. c. Liver tumor

Zeng et al. used a high frame rate (350−500 Hz) modified US scan-
ner to perform ULM of 47 focal liver lesions (FLL), including 30 hepato-
cellular carcinomas (HCC), 11 liver metastases (LM) and 6 focal nodular
hyperplasias (FNH). They observed higher vessel density for FNH versus
liver parenchyma (p < 0.001) as well as fractal dimension and local flow
direction entropy value for FNH versus HCC (p = 0.002 and p < 0.001,
respectively) and for FNH versus LM (p = 0.006 and p = 0.002, respec-
tively). They concluded that multiparametric SR-US (vessel density, frac-
tal dimension and local flow direction entropy) could serve as valuable
parameters in distinguishing between benign and malignant FLLs [91].
d. Renal tumor

Recently, it was demonstrated that sULM can effectively differenti-
ate renal tumors from renal pseudotumors (healthy tissue) based on
the presence or absence of glomeruli [92]. Fewer glomeruli paths were
observed in renal tumors (artifacts) compared to either pseudotumors
or the kidney cortex (10 ± 6/cm2 vs. 26 ± 5/cm2 and 26 ± 6/cm2,
ode image of a pancreatic tumor from a 70-y-old patient, with white arrows roughly
e human pancreatic tumor. (c) The corresponding bi-directional microvessel density
the downward flow. (d) Corresponding super-resolution microvessel velocity image,
e white rectangle in part [b]) of the contrast-enhanced power Doppler image. (f) Cor-
ding zoom-in region of the super-resolution microvessel velocity image [16].



Figure 11. sULM of clear cell renal cell carcinoma (ccRCC). (a and b) Ultrasound Doppler image (a) and CEUS (b) showing an exophytic renal tumor (ccRCC)
(white-dotted area). Parts (c and 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 image displays the
traces projected on the grid in red. The colorbar corresponds to the count of the number of bubbles per pixel. Scale bars indicate 10 mm. a.u., arbitrary units; ND, nor-
malized distance; w.u., without units) [90].

Figure 12. sULM of hypertrophy of the column of Bertin. (a and b) Superb microvascular imaging Doppler image (a) and CEUS (b) showing an endophytic renal
pseudotumor (hypertrophy of column of Bertin) (white-dotted area). Parts (c and 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 image
displays the traces projected on the grid in red. The colorbar corresponds to the count of the number of bubbles per pixel. Scale bars indicate 10 mm. a.u., arbitrary
units; ND, normalized distance; w.u., without units) [90].
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respectively, p < 0.001). Dispersity was also lower in renal tumors
compared to the cortex or pseudotumor (0.13 ± 0.06 arbitrary units
[AU] vs. 0.3 ± 0.1 AU in the cortex and 0.22 ± 0.05 AU in pseudotu-
mors; p = 0.0012 and p = 0.0389, respectively) as well as normalized
speeds (0.08 ± 0.04 vs. 0.18 ± 0.07 in the renal cortex and 0.14 ± 0.02
in pseudotumors; p = 0.0014 and p = 0.0497, respectively (Figs. 11
and 12). e. Prostatic tumor

In that context, Kanoulas et al. demonstrated that SRUS imaging
could visualize intraprostatic microvascular networks with high fidelity.
The velocity maps showed an excellent correspondence with histopa-
thology, while the density maps also displayed reasonable spatial agree-
ment with histologic sections. This proof-of-concept study confirmed the
feasibility of resolving the microvascular architecture and quantifying
local hemodynamics within the prostate, suggesting potential clinical
utility for characterizing tumor angiogenesis and differentiating malig-
nant from benign regions [93]. f. Lymph node

Distinguishing metastatic lymph nodes (LNs) from benign lymphade-
nopathy is crucial in cancer management but remains challenging. Zhu
et al. conducted a pilot study demonstrating the feasibility of using ULM
quantitative markers to address this challenge with a clinical US scan-
ner. The study identified differences in flow irregularity between reac-
tive and metastatic LNs. Specifically, local flow direction irregularity—a
marker of disorganized blood flow—was observed to be 60% higher in
metastatic LNs (1600) compared to reactive LNs (1000) (p = 0.0465).
This finding was consistent across various malignancy types and loca-
tions [94]. However, other parameters, including vessel density, flow
direction, spatial complexity and flow velocity, did not yield statistically
significant differences.
Discussion

ULM is rapidly advancing and appears poised for clinical translation.
However, despite its potential, few biomarkers have been identified,
and those suggested as promising targets require robust validation
against current gold-standard tests. Repeatability within the same opera-
tor has shown promising results, but multi-center studies are necessary
to evaluate reproducibility across protocols and assess inter-test variabil-
ity [76]. Most existing clinical ULM studies remain exploratory, with
limited sample sizes and heterogeneous imaging protocols. Comparative
studies across organs are scarce, and few have correlated ULM-derived
biomarkers with established clinical endpoints such as histopathology,
functional tests or patient outcomes. Strengthening these methodologi-
cal aspects will be essential to move from proof-of-concept to clinically
validated applications.

ULM biomarker identification and validation face several limitations.
First, conventional clinical US scanners operate at lower imaging frame
rates (2−20 Hz) compared to high-frequency research systems, which
restricts the ability to track individual MBs [61]. Although sophisticated
tracking algorithms can partially address this issue [22], these solutions
are not universally effective. To compensate for the low frame rates,
acquisition times must be extended to seconds or even minutes, making
them highly susceptible to motion artifacts [95−97]. These artifacts
stem from hand-held probes and natural tissue movements, such as
breathing, pulsatility and local deformations.

While breath-holding is often employed to minimize motion, it limits
acquisition duration and poses challenges in regions with significant
motion, such as the heart [47] or chest wall [98]. Although motion cor-
rection algorithms have shown promise in mitigating these artifacts, lim-
ited acquisition time can result in incomplete MB traversal through all
microvessels [43], particularly in slow-flowing capillary networks
[13,99]. This limitation is more pronounced in specific tissues, such as
the liver and kidneys, where blood flow is approximately 10−20 times
faster than in the capillary networks. Low vascular saturation further
complicates imaging by blurring distinctions between smaller, distinct
vessels and larger vessels with overlapping tracks [47].
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A two-stage motion correction method combining affine and non-
rigid estimations has been developed to address both global motion and
local tissue deformation. This approach, tested on clinical US scanners,
demonstrated a worst-case error of 12.2 μm [100]. When applied to clin-
ical datasets, the technique effectively reduced motion-induced blurring,
narrowing the width of identified microvessels by 1.5-fold, straightening
tortuous vessels, removing blurred artifacts and resolving artificial dou-
ble vessel copies into single representations [100].

Out-of-plane motion presents additional challenges in 2D imaging
[101]. MBs moving outside the imaging plane can result in incomplete
or inaccurate data [57]. Studies have reported a high rate of data exclu-
sion due to this issue, with Huang et al., Porte et al. and Zhu et al.
excluding significant portions of their datasets (3/7 patients, 4/11, 34/
44, respectively) due to out-of-place motion, insufficient MB detection
or poor signal-to-noise ratios [16,94,96]. Multi-plane imaging can miti-
gate these challenges. Morris et al. [76] demonstrated that averaging
quantitative parameters across multiple planes improved repeatability
and robustness, with decreased repeatability coefficients as the number
of imaging planes increased (22%−27%, 36%−42% and 42%−48% for
2, 3 and 4 imaging planes, respectively).

Transcranial ULM faces unique challenges due to its limited acoustic
window, which is present in only about 20% of patients [102]. Demen�e
et al. addressed this by applying adaptive speckle tracking to correct
wave aberrations, showing potential for overcoming this limitation
[35,103,104].

Standardization is also required for the administration and dose of
MBs [65]. Studies like Porte et al. [98] highlighted the impact of injec-
tion parameters on imaging quality. Faster injection speeds (100 vs. 50
μL/s) and higher doses improved vascular reconstructions in slow-flow
regions, such as breast tumors. These findings underscore the need for
tailored protocols to accommodate regional blood flow differences.
Additionally, correlations between vascular density and tumor elasticity,
as measured by shear wave elastography, suggest complementary
insights into tumor biology (R = 0.55, p = 0.10 at lower doses;
R= 0.66, p= 0.04 at higher doses).

Beyond technical optimization, future research should focus on
disease-specific applications where ULM could offer clear clinical
benefit—such as early detection of microvascular rarefaction in dia-
betic nephropathy, monitoring of tumor response to anti-angiogenic
therapies, or evaluation of cerebral perfusion in vascular dementia.
Integrating ULM into multimodal diagnostic workflows could
enhance precision medicine by adding a functional microcirculatory
dimension to conventional imaging.

The translation of ULM into clinical practice will also depend on reg-
ulatory and practical factors, including reproducible quantitative out-
puts, automated data analysis pipelines and integration into existing
clinical US platforms. Establishing consensus-driven standards for acqui-
sition, processing and reporting will be crucial to ensure inter-center
comparability and facilitate multicenter clinical trials.

The advent of higher frame-rate clinical scanners would improve
imaging resolution and reduce acquisition times, although their current
availability is limited. 3D ULM represents a transformative opportunity
[105−108]. Allowing MB tracking across entire vascular networks and
enabling motion correction in all directions [97,105,109]. This advance-
ment would facilitate longer acquisitions without reliance on breath-
holding, improve vascular saturation and provide more comprehensive
microvascular mapping [22]. However, implementing 3D ULM requires
upgraded clinical equipment, increased processing power and enhanced
data storage.

Conclusion

ULM has reached a level of technical maturity that enables its reli-
able use in human clinical settings, providing unprecedented access to
microvascular structures and hemodynamics. While the technique itself
is ready for clinical implementation, its true clinical translation will
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depend on the identification and validation of quantitative biomarkers
with diagnostic, prognostic or therapeutic value. Future advancements
—including higher frame-rate US systems, real-time processing and 3D
imaging—will further enhance its feasibility and reproducibility. The
involvement of clinical radiologists in routine applications will be cru-
cial to refine its indications and establish ULM as a valuable tool in preci-
sion imaging.
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