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Applications
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Highlights

•	 US enables multi-mechanism modulation via anti-angiogenesis and vessel 
disruption.

•	 It achieves hemodynamic normalization through vasodilation for increased 
perfusion.

•	 Advanced US imaging provides real-time monitoring of tumor vascular 
alterations.

•	 Theranostic integration enables vascular intervention and treatment 
assessment.
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In brief

This review presents ultrasound as 
a multi-effect theranostic platform 
that enables dynamic tumor vascu-
lar intervention through mechanisms 
including angiogenesis suppression, 
vessel disruption, and hemodynamic 
normalization. This versatile approach 
overcomes limitations of single-mech-
anism strategies by integrating real-
time monitoring of vascular alterations 
via contrast-enhanced and molecular 
ultrasound imaging. Despite its ther-
apeutic promise, clinical translation 
faces parameter optimization, stand-
ardization, and validation hurdles 
across diverse tumor types.
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Introduction

The tumor vasculature is critical in solid 
tumor progression, in which pathological 
angiogenesis is driven primarily by VEGF-
mediated signaling cascades, to meet the 
high demand for oxygen and nutrients to 
fuel tumor cells’ rapid proliferation [1–3]. 
Unlike the physiological vasculature, tumor 
vessels exhibit extensive structural abnor-
malities including disorganized endothe-
lial architecture, discontinuous basement 
membranes, and deficient pericyte cov-
erage, thus resulting in hyperpermeabil-
ity and hemodynamic dysfunction [4–6]. 
Functionally, these malformations impair 
convective transport, and consequently 
increase interstitial fluid pressure via 
plasma protein extravasation and aberrant 
extracellular matrix deposition [7–9]. The 

resultant hypoxia-acidosis microenviron-
ment fosters therapeutic resistance while 
promoting immunosuppression and met-
astatic dissemination [10]. Consequently, 
vascular targeting has emerged as a founda-
tional strategy in precision oncology [11].

Current anti-tumor vascular therapeutics 
are based on two mechanistic paradigms: 
(1) vascular deprivation through angio-
genesis inhibition or vessel destruction to 
induce tumor ischemia and (2) vascular 
normalization to restore hemodynamic 
competence for enhanced therapeutic per-
fusion [12]. On the basis of these mecha-
nisms, various tumor vascular targeting 
strategies have been developed, including 
anti-angiogenic therapy, vascular disrup-
tion therapy, and interventional embolic 
agents [13, 14]. However, these strate-
gies often have single-purpose effects 
that cannot meet the dynamic demands of 
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Abstract

The tumor vasculature, characterized by pathological angiogenesis and structural abnormalities, drives 
the progression of solid tumors by inducing hypoxia-acidosis microenvironments and therapeutic resist-
ance. Targeting the tumor vasculature has emerged as a critical therapeutic strategy. Although conventional 
approaches such as anti-angiogenic drugs, vascular disrupting agents, and embolization have shown effi-
cacy, their single-target focus hinders addressing tumor heterogeneity and evolving stage-specific needs. 
For example, rapid vascular disruption is effective for debulking advanced tumors, whereas vascular nor-
malization enhances early- to mid-stage therapy by improving postoperative chemo-radiotherapy outcomes. 
Unlike single-mechanism interventions, ultrasound modulates acoustic parameters to achieve diverse effects 
including angiogenesis suppression, vessel disruption, and vasodilation, thus addressing multi-stage vascular 
needs. Ultrasound-based monitoring systems provide precise, dynamic vascular assessments to guide inter-
vention strategies. Compared with traditional static imaging ultrasound offers real-time angiogenesis visu-
alization and therapeutic response evaluation, thus enabling treatment optimization. This review synthesizes 
recent advances in ultrasound-based vascular targeting, emphasizing its dual role in spatiotemporally adap-
tive therapy and angiogenesis monitoring. We critically examine clinical translation challenges and future 
directions, highlighting how ultrasound-driven strategies, by bridging mechanistic precision with clinical 
scalability, might enable personalized, multi-effect therapeutic paradigms in oncology.
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treating tumors at different stages under various scenarios. 
For patients with advanced-stage tumors who are unable to 
undergo surgery, vascular inhibition or destruction during 
active tumor angiogenesis, in which tumors rely on newly 
formed blood vessels, can rapidly decrease tumor burden 
and prolong survival [15, 16]. In contrast, during early to 
mid-stages of tumor development, when the treatment goal 
is enhancing local control rates through radiotherapy and 
chemotherapy, interventions that restore vascular function 
and increase perfusion to enhance drug delivery, optimize 
the tumor microenvironment, and decrease treatment resist-
ance might be more beneficial [9, 12].

Ultrasound enables dynamic and diverse tumor vascular 
interventions, and overcomes the limitations of existing sin-
gle-mechanism therapies. This modality’s multiple effects 
include angiogenesis suppression, vessel disruption, and vas-
odilation [12, 17, 18]. For example, therapeutic ultrasound 
(mechanical index = 1.3/1.4) stimulates endothelial cells, 
upregulates endothelial nitric oxide synthase expression, and 
promotes nitric oxide (NO) release, thereby improving blood 
perfusion in the target tissue, lowering interstitial pressure, 
and fostering a favorable microenvironment for chemo-
therapy or radiotherapy [18, 19]. In contrast, high-intensity 
focused ultrasound induces mechanical stress through iner-
tial cavitation, and results in endothelial cell damage, wide-
spread vessel closure, and tumor ischemic necrosis [20]. 
Compared with conventional methods such as localized 
embolization, ultrasound-based vascular disruption offers 
advantages such as non-invasive and repeatable treatments.

Moreover, the precise implementation of tumor vascu-
lar targeting requires dynamic monitoring of angiogene-
sis, focusing on real-time, detailed representation of tumor 

vascular structures, such as microvessel density (MVD), 
morphology, spatial distribution, function, and molecular 
signaling alterations [21–23]. Ultrasound-based angiogen-
esis monitoring integrates therapeutic functionality with 
real-time, multimodal imaging capabilities. Technologies 
such as contrast-enhanced ultrasound (CEUS), super-
resolution ultrasound (SR-US), and ultrasound molecular 
imaging (UMI) enable simultaneous visualization of vascu-
lar structures, quantification of blood perfusion, and targeted 
identification of specific molecular markers [24, 25]. This 
review discusses current advancements in ultrasound-based 
therapies for efficient tumor treatment, and highlights ultra-
sound as a multi-effect diagnostic and therapeutic tool for 
targeting the tumor vasculature (Figure 1). The key mech-
anisms underlying vascular targeting in tumor treatment 
are explored, with a focus on ultrasound-based strategies. 
Additionally, current progress in ultrasound-based tumor 
vascular monitoring technologies is reviewed, and the 
challenges and future prospects for clinical translation are 
examined.

Targeting the vasculature for 
enhanced therapeutic efficacy

Given the central role of angiogenesis in sustaining tumor 
growth and progression, targeting the tumor vasculature has 
emerged as a compelling therapeutic strategy [26]. Tumor-
vasculature-targeted therapies have markedly evolved in 
recent decades. Early strategies focused on inhibiting angi-
ogenesis or disrupting existing vascular networks to induce 

Figure 1  Ultrasound-based strategies for tumor vascular theranostics.
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“starvation therapy.” These approaches have since expanded 
to correcting vascular abnormalities (e.g., hyperpermeability 
or tortuosity) and promoting vasodilation, thereby improv-
ing perfusion, decreasing hypoxia, and enhancing the effi-
cacy of concurrent treatments such as chemotherapy and 
radiotherapy.

The success of these strategies critically depends on the 
dynamic functional state of the vasculature. A thorough 
understanding of how vasculature targeting influences tumor 
progression is essential for designing personalized vascu-
lar-targeted therapies. Figure 2 illustrates the mechanistic 
interactions between vasculature targeting and tumor therapy.

Targeting the tumor vasculature to 
impair tumor perfusion: starving the 
tumor

Tumors exhibit dysregulated metabolic activity and ele-
vated proliferation and metastasis ability. Because the tumor 

vasculature is a critical conduit for nutrient and oxygen 
delivery, its disruption is a logical therapeutic target [27]. 
“Starving” tumors is aimed at inducing ischemia and nutri-
ent deprivation within tumors by either preventing neovas-
cularization (anti-angiogenic therapy) or destroying existing 
tumor vessels (vascular disruption therapy). Both strategies 
can lead to rapid cessation of blood flow and central tumor 
necrosis [28]. However, these approaches often have lim-
ited efficacy against peripheral tumor regions, where more 
mature and resilient vessels can persist [29]. Therefore, 
combinatorial strategies integrating starvation therapies with 
conventional treatments are under active investigation to 
enhance therapeutic outcomes [30].

Beyond nutrient and oxygen supply, structurally abnormal 
vasculature contributes to tumor progression and metastasis. 
For example, the overexpression of matrix metalloproteinases 
during angiogenesis facilitates extracellular matrix degrada-
tion and consequently enhances local invasion [31]. Irregular 
vessel walls also provide accessible routes for tumor cells to 
intravasate and disseminate systemically [32]. Recent stud-
ies have highlighted a close interplay between angiogenesis 

Figure 2  Mechanistic interactions between vasculature targeting and tumor therapy.
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and immune suppression within the TME. Endothelial cells 
in aberrant tumor vasculature frequently upregulate immuno-
suppressive molecules such as programmed death-ligand 1 
(PD-L1) and Fas ligand (FasL), which inhibit cytotoxic T-cell 
infiltration and activation [33]. By targeting these abnormal 
vessels, starving tumors might not only deprive tumors of 
essential resources but also reverse immune exclusion, thereby 
amplifying anti-tumor immune responses. These multifaceted 
mechanisms underscore the therapeutic potential of vascu-
lar-targeted strategies in achieving sustained tumor control.

Restoring vessels to enhance  
tumor perfusion: improving  
treatment efficacy

Because angiogenesis is a critical requirement for tumor 
growth and progression, anti-angiogenic therapy was ini-
tially conceived as a promising strategy for cancer treatment. 
However, clinical trials combining anti-angiogenic agents 
with chemotherapy have consistently not increased overall 

survival rates in multiple malignancies, including breast, 
pancreatic, and prostate cancers [34]. Notably, a preclinical 
study challenged this conventional paradigm by integrating 
low-dose cilengitide (a pro-angiogenic agent) with verapa-
mil (a vasodilator) and the chemotherapeutic agent gemcit-
abine. This counterintuitive strategy, antipodal to traditional 
anti-angiogenic approaches, paradoxically enhanced tumor 
vascular density and blood perfusion while effectively sup-
pressing tumor growth and metastasis in mouse models of 
pancreatic ductal adenocarcinoma and non-small cell lung 
cancer [35, 36]. These paradoxical findings illuminated an 
alternative vascular-targeting approach: rather than induc-
ing vascular starvation, targeting the tumor vasculature to 
enhance blood perfusion might provide a new perspective 
for treating tumors.

Strategies such as vascular normalization or vasodilation 
are aimed at restoring vascular function and improving blood 
flow, thereby improving the hypoxic tumor microenviron-
ment and enhancing drug delivery efficiency [14] (Figure 3). 
The hypoxic microenvironment plays a crucial role in 
tumor resistance. Hypoxic tumor cells exhibit three times 
greater resistance to radiation than normoxic cells [37]. This 

Figure 3  Therapeutic challenges of abnormal tumor vessels and therapeutic mechanisms of vessel restoration.
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phenomenon, known as the “oxygen effect,” first described 
by Gray et  al. [38], occurs because radiotherapy relies on 
oxygen to produce reactive oxygen species, which induce 
DNA damage and cell death [39, 40]. Moreover, hypoxia 
can activate HIF-1α and consequently upregulate drug efflux 
pumps such as P-glycoprotein, breast cancer resistance pro-
tein, and multidrug resistance protein 1, which together con-
tribute to chemoresistance in solid tumors including breast 
and colorectal cancers, thus posing treatment challenges [41, 
42]. Therefore, enhancing blood flow and alleviating the 
hypoxic microenvironment are essential for increasing the 
efficacy of anti-tumor therapy.

In chemotherapy and radiotherapy, the distribution of 
drugs or radiosensitizers within tumors is another critical 
factor influencing treatment outcomes. Vascular normal-
ization has been shown to improve drug distribution and 
increase bioavailability in preclinical models [43, 44]. 
For example, enhancing pericyte coverage and stabiliz-
ing the tumor vasculature have successfully inhibited the 
progression of Lewis lung cancer in preclinical models 
[45]. Furthermore, emerging evidence highlights the inter-
action between abnormal tumor vasculature and anti-tu-
mor immunity. Restoring normal vascular structure and 
function enhances immune cell infiltration, promotes den-
dritic cell maturation, and improves antigen presentation. 
Simultaneously, decreased recruitment of immunosuppres-
sive cells (such as regulatory T cells and myeloid-derived 
suppressor cells) alleviates immunosuppression [46–49]. 
These findings underscore the substantial potential of tar-
geting the tumor vasculature to enhance the efficacy of 
anti-tumor therapies by improving blood flow perfusion 
and restoring vascular function.

Ultrasound-based tumor 
vasculature targeting strategies

Ultrasound, a non-invasive physical regulatory tool, is 
emerging as a promising method to overcome tumor resist-
ance. Its mechanisms extend beyond the thermal ablation 
effects of traditional high-intensity focused ultrasound 
(HIFU) on tumor tissues, by including multimodal effects 
such as mechanical stress and cavitation. These mechanisms 
enable targeted treatment of blood vessels to enhance tumor 
therapy efficiency. Ultrasound-based targeted vascular strat-
egies have been successfully applied in areas such as anti-an-
giogenesis, vascular disruption, vascular normalization, and 
vasodilation, and have yielded favorable therapeutic results 
(Figure 4).

Starving the tumor: 
ultrasound-based anti-angiogenic 
therapy

Judah Folkman’s concept of “starving a tumor to death” 
by targeting its vasculature laid the foundation for anti-
angiogenic therapy more than 55 years ago [16]. In the past 

two decades, phase II and III trials have shown that anti- 
angiogenic therapy moderately improves survival in patients 
with solid tumors [50]. Drugs including bevacizumab 
(Avastin), sunitinib, axitinib, vandetanib, and ramucirumab 
are now clinically or preclinically approved [51]. However, 
these therapies face challenges including resistance, toxic-
ity, and the absence of effective biomarkers. Tumor vessels, 
which are irregular and highly permeable, lead to elevated 
interstitial pressure and decreased blood perfusion, thus lim-
iting the efficacy of anti-angiogenic drugs and contributing 
to tumor resistance [52, 53].

Ultrasound-based anti-angiogenic strategies are aimed at 
enhancing drug delivery and improving the tumor microen-
vironment. Ultrasound, when combined with microbubbles 
(MBs), induces oscillations and collapse of the MBs, thus 
generating mechanical forces that create transient open-
ings in vascular walls; this process, known as sonoporation 
or acoustic cavitation, enhances penetration of therapeutic 
agents into tumors [54, 55]. MB-based drug delivery has 
potential in overcoming the biological barriers, such as 
dense extracellular matrix and high interstitial pressure, that 
limit traditional chemotherapy [56].

Targeted MBs functionalized with ligands specific to 
tumor biomarkers (e.g., VEGFR2 or integrin αvβ3) have 
been found to increase drug accumulation at tumor sites. 
VEGFR2-targeted microbubbles significantly enhanced 
the therapeutic effect of doxorubicin in a hepatocellular 
carcinoma model, as demonstrated by reduced tumor vol-
ume, inhibited angiogenesis, and increased apoptosis [57]. 
In addition, pH-sensitive polymer MBs that selectively 
release doxorubicin in the acidic tumor microenvironment, 
created by Liu et al., have decreased tumor volume by 60% 
while minimizing cardiotoxicity [58]. Barmin et al. have 
enhanced MB stability and drug loading by incorporating 
cross-linked shell structures enabling sustained drug release 
over multiple ultrasound sessions [59]. Additionally, Ingram 
et al. have designed a hybrid system encapsulating SN38 
(a topoisomerase inhibitor) in liposomes attached to MBs, 
which has been found to improve systemic stability [60]. 
Ultrasound-induced cavitation transiently increases vascular 
permeability through sonoporation, wherein oscillating MBs 
disrupt endothelial tight junctions. Additionally, ultrasound-
responsive nanoswitches, such as those developed by Huo 
et al., can release approximately 70% of their encapsulated 
doxorubicin payload upon ultrasound exposure, thus enhanc-
ing cancer cell inhibitory effects [61]. The spatio-temporal 
control of drug activity can be fine-tuned by adjusting ultra-
sound exposure times [62].

Starving the tumor: 
ultrasound-based vascular 
disruption therapy

Targeting the tumor vasculature to starve tumors has 
promise in decreasing tumor burden and extending sur-
vival. However, anti-angiogenic therapy primarily affects 
newly formed blood vessels, whereas pre-existing blood 
vessels are strengthened because of increased coverage 
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by pericytes, thus leading to treatment resistance [12]. In 
clinical studies, anti-angiogenic drugs have shown low 
sensitivity in advanced tumors and have failed to achieve 
long-term control of cancer [63]. Additionally, alternative 
vascularization patterns in tumors, which are not dependent 
on angiogenesis, such as vasculogenic mimicry and vessel 
co-option, are not targeted by anti-angiogenic therapies and 
therefore do not respond to them [12]. Given the limitations 
of anti-angiogenic therapy, another strategy has emerged 
to starve tumors by directly damaging blood vessels and 
selectively inducing thrombosis to block the tumor vascu-
lature [64]. Transarterial embolization, a regional treatment 
designed to control local disease by occluding the principal 
arterial supply to tumors, exhibits limitations in completely 
blocking blood flow in patients with multifocal HCC [65]. 
Vascular disrupting agents (VDAs), which selectively tar-
get the established tumor vasculature and decrease tumor 
burden, provide a promising alternative. This novel class of 
drugs specifically disrupts aberrant tumor vessels by either 
targeting the cytoskeleton or delivering pro-apoptotic fac-
tors, thereby inducing thrombosis, vascular occlusion, and 
subsequent extensive ischemic tumor necrosis [66]. The 
selectivity of VDAs toward the tumor vasculature arises 
from tumor endothelial cells’ frequent deficiency in per-
icyte and smooth muscle coverage, and their reliance on 
microtubulin for structural integrity [67]. Inhibition of 

microtubulin function by VDAs triggers morphological 
contraction and rounding of endothelial cells, and results 
in vascular lumen obstruction, vessel collapse, and ulti-
mately interruption of blood flow [68]. In contrast, normal 
blood vessels, which are stabilized by intact pericytes and 
smooth muscle, display greater endothelial stability and 
resistance to VDA-induced effects [66]. Combretastatin, 
a representative VDA, induces hemorrhagic necrosis in 
tumors, decreases blood flow, and impairs oxygen and 
nutrient delivery, thereby inhibiting tumor growth [69]. 
Combretastatin A4 (CA4), a prototype VDA, and its phos-
phate prodrug, CA4 phosphate (CA4P), have entered phase 
III clinical trials [70].

Multiple clinical studies have demonstrated that the com-
bination of VDAs with chemotherapy significantly improves 
the treatment of various advanced and metastatic solid tum-
ors, such as prostate cancer, breast cancer, and ovarian can-
cer, and also significantly extends survival [71–73]. Despite 
promising clinical efficacy, concerns regarding VDA toxic-
ity persist. VDAs currently in clinical trials, such as cem-
adotin, TZT-1027, and ASA404, have been shown to have 
dose-limiting toxicities, most commonly neutropenia [74]. 
Therefore, the selection of drug doses, monitoring of drug 
clearance, and identification of sensitive patients for combi-
nation therapy pose major challenges in the development of 
personalized treatment strategies.

Figure 4  Ultrasound-based targeting strategies for the tumor vasculature. Tumors exhibit abnormal vessels with poor pericyte coverage, 
thus leading to hypoxia necrosis and compromised nutritional supply, a microenvironment that fosters resistance to conventional therapies. 
Ultrasound-based targeted vascular strategies can decrease blood flow through anti-angiogenesis and vascular disruption to starve tumors; 
alternatively, they can improve tumor treatment efficacy by enhancing drug delivery efficiency, alleviating hypoxia, and enabling deeper drug 
penetration through vascular normalization and vasodilation.
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Anti-vascular ultrasound has been shown to act as a 
physical equivalent of small-molecule vascular disrupt-
ing agents in achieving vascular disruption and controlling 
tumor growth [75]. This method, which uses high-pressure 
focused ultrasound to induce microvascular blood flow 
occlusion and subsequent ischemic tissue necrosis, is 
referred to as mechanical ablation, vascular disruption ther-
apy, or more commonly anti-vascular ultrasound (AVUS) 
[17]. Ultrasound-induced MB destruction directly damages 
tumor endothelial cells via physical forces (shear stress and 
shockwaves), thus triggering apoptosis and increasing tumor 
sensitivity to radiotherapy [76]. Clinical trials have further 
demonstrated the feasibility and early safety of ultrasound 
combined with transarterial radioembolization in HCC treat-
ment [77]. As of 2020, the combination of AVUS and radi-
ation therapy had advanced into clinical trials for head and 
neck cancer, chest wall cancer, and locally advanced breast 
cancer [78]. The mechanism involves the cavitation effect 
of ultrasound-induced MBs, which mechanically disrupt the 
endothelial cell membrane and activate phospholipid-based 
biomechanical pathways, thereby enhancing the radiosensi-
tivity of endothelial cells [79]. Endothelial apoptosis disrupts 
vascular integrity, thereby decreasing blood flow to tumors, 
depleting cellular energy, and inhibiting DNA repair enzyme 
activity. Restricted supply of DNA repair substrates further 
weakens repair capacity and enhances radiotherapy efficacy 
[80]. Unlike VDAs, ultrasound MB destruction decreases 
vascular density by as much as 67%, without worsening 
tumor hypoxia within 3 hours post-treatment [81]. This 
strategy avoids activation of hypoxia-related pathways (e.g., 
HIF-1α) and consequently preserves tumor radiosensitivity.

Moreover, the efficacy of ultrasound-mediated vascular 
disruption is influenced by ultrasound exposure conditions, 
MB behaviors, and vascular heterogeneity (vessel diameter, 
pericyte coverage, and endothelial integrity) [82]. Adjusting 
ultrasound parameters enables targeted disruption of blood 
vessels in tissues of varying sizes and maturity. Mature vas-
culature, with intact neuro-muscular structures, activates 
endothelial nitric oxide synthase in response to cavita-
tion-induced shear stress, thereby promoting NO generation 
and vasodilation. In contrast, immature vasculature, which 
lacks this protective mechanism, is preferentially targeted. 
In mouse dorsal window tumor models, ultrasound pressures 
of 1–3 MPa cause vascular closure, primarily in smaller ves-
sels (<20 μm), which is characterized by deformation and 
mild leakage. At 2 MPa, cavitation extends to moderately 
mature vessels (20–50 μm), with local thrombus formation. 
At 3 MPa, inertial cavitation significantly increases, thus dis-
rupting endothelial barriers in vessels >50 μm and resulting 
in blood flow stagnation (80.6%) [79]. Tumor vascular het-
erogeneity affects treatment outcomes: lower energy attenu-
ation in the tumor center requires longer pulse durations to 
effectively target mature vessels in the periphery.

AVUS additionally exhibits favorable synergy with 
chemotherapy in tumor treatment [83, 84]. Although vascu-
lar disruption therapy theoretically decreases the efficiency 
of drug delivery and might decrease chemotherapy efficacy, 
clinical trials have explored the use of ultrasound cavitation 
to enhance the efficacy of systemic chemotherapy in patients 
with pancreatic cancer. As early as 2005, a chemotherapy 

strategy based on VDAs was proposed to prevent the survival 
of tumor cells at the edges of necrotic cores and potentially 
overcome tumor treatment resistance [85]. These comple-
mentary therapeutic effects based on spatial distribution 
occur because VDAs and anti-vascular ultrasound preferen-
tially damage smaller, less mature microvessels in the tumor 
core, whereas the delivery of chemotherapeutic agents and 
other anticancer drugs relies predominantly on relatively 
well-established intratumoral vasculature (on the edge) for 
delivery [86] (Figure 5). Pellow et al. have designed mono-
disperse, size-tunable nanodroplets to achieve high vascular 
occlusion rates while minimizing the occurrence of other 
vascular events [17]. Additionally, given the risks associated 
with the activation of the fibrinolytic system in the body, anti-
fibrinolytic agents have been proposed to precisely destroy 
tumor vascular endothelial cells while inducing thrombotic 
ischemia in tumors [87].

Improving treatment efficacy: 
ultrasound-based vascular  
normalization

Vascular normalization, a novel therapeutic approach 
derived from anti-angiogenic therapy, is aimed at improv-
ing the tumor vasculature. In clinical trials, bevacizumab, 
a single anti-VEGF drug, has shown a modest response 
rate of 6.7% in patients with metastatic breast cancer [88]. 
However, when combined with chemotherapy, it signifi-
cantly enhances progression-free survival and overall sur-
vival [89, 90]. Consequently, anti-VEGF therapy has been 
proposed to induce vascular “normalization” by decreasing 
tumor vascular density while restoring the structure and 
function of remaining vessels, thereby improving drug and 
oxygen delivery [91, 92]. Studies in patients with rectal can-
cer have confirmed this hypothesis by demonstrating a 40–
50% decrease in vascular density with no significant change 
in FDG uptake, thus suggesting enhanced efficiency of the 
“normalized” vessels [93, 94].

The mechanism of vascular normalization involves prun-
ing vessels, enhancing pericyte coverage, and strengthening 
vascular walls [95]. Extensive research has shown that vas-
cular normalization is only a temporary therapeutic window 
during which the tumor vasculature undergoes pruning, 
strengthening, and decompression [96]. Notably, the tumor 
vasculature is not completely normalized, but abnormal-
ities caused by signal dysregulation are partially corrected 
[12]. Anti-angiogenic drugs, such as bevacizumab, typically 
induce vascular normalization within 1–4 days, after which 
vascular degradation and increased tumor hypoxia occur [97, 
98]. Controlling drug dosages is key to extending the normal-
ization window. Preclinical studies have shown that lower 
doses have enhanced effectiveness in prolonging normaliza-
tion and improving the tumor microenvironment [99–101]. 
By decreasing drug dosage and treatment frequency, the 
normalization window might be prolonged, and the adverse 
effects associated with high-dose VEGF inhibitors might 
be avoided [92]. Clinical studies have highlighted the need 
for biomarkers to identify patients who would benefit from 
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bevacizumab treatment, given that only a subset of patients 
show prolonged survival or radiological relief.

Given these challenges, developing drug-independent 
strategies for vascular normalization is highly promising. 
Ultrasound-mediated MB cavitation increases shear stress 
and induces vasodilation, while regulating endothelial cell 
metabolism by elevating hydrogen peroxide, calcium ion 
flow, and ATP generation [19, 102, 103]. Studies in animal 
models have indicated that therapeutic ultrasound combined 
with C3F8 MBs induces a short-term increase in blood per-
fusion lasting approximately 30 minutes, whereas combined 
treatment with oxygen MBs extends this effect to 2–8 days, 
thereby decreasing HIF-1α and VEGF expression and regu-
lating angiogenesis [18]. Additionally, low mechanical index 
(MI < 0.5) ultrasound can induce “sonoperfusion,” which 
enhances blood flow and dilates tumor vessels [104, 105]. 
This phenomenon is based on mild inflammatory reactions 
caused by low-intensity ultrasound cavitation, which lead 
to tumor vascular dilation and accelerated blood flow. This 
mechanical index, lower than conventional ultrasound (MI 
1.0–1.3), achieves enhanced perfusion lasting more than 4 
hours [18, 106–108]. Variations in ultrasound parameters 
further complicate vascular normalization, because MBs 
respond differently to stable or inertial cavitation [109, 110]. 
Lower peak negative pressures, such as 0.43 MPa, induce 
sonoperfusion, whereas higher values (1.65 MPa) cause 

inertial cavitation, which can inhibit tumor growth by dis-
rupting blood vessels [105, 111].

Clinical trials have focused on monitoring vessel dam-
age through ultrasound, and applications of ultrasound for 
vascular normalization remain limited. Combining ultra-
sound with piezoelectric materials might offer new strat-
egies for vascular normalization. Preclinical studies have 
shown that low-intensity pulsed ultrasound (1 MHz, 1.0 
W/cm2) combined with piezoelectric nanomaterials inhib-
its endothelial cell migration, increases pericyte coverage 
to 68%, and increases blood perfusion (861% of blank), 
thereby improving tumor hypoxia [112]. Researchers have 
also developed nanodroplets containing the extracellular 
domain of VEGF receptor 1 and CD93 ligand, which, after 
acoustic vaporization, release fragments that help clear 
VEGF and promote vascular normalization [113]. Future 
research should focus on optimizing ultrasound parame-
ters, electrical stimulation, and tailoring treatments to dif-
ferent tumor types to develop more precise and effective 
vascular normalization therapies.

Notably, the selection between two mechanistically dis-
tinct strategies, vascular disruption and vascular normaliza-
tion, must be carefully evaluated within specific pathological 
contexts. Vascular disruption is aimed primarily at rapidly 
decreasing tumor burden by destroying abnormal blood 
vessels, thereby starving the tumor. This approach might be 

Figure 5  Mechanisms underlying the synergistic effects between AVUS and chemotherapy. AVUS and VDAs both preferentially disrupt 
immature tumor vasculature in the core region. AVUS induces MB cavitation, which mechanically disrupts endothelial cell membranes, 
induces hemorrhagic necrosis, disrupts tumor blood flow, and effectively “starves” the tumor core. Chemotherapeutic drugs act primarily on 
the more mature tumor vasculature in the periphery. These agents achieve synergistic tumor killing through complementary spatial targeting.
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particularly relevant in highly vascularized tumors such as 
HCC, which often progress asymptomatically and are fre-
quently diagnosed in advanced stages, when surgical resec-
tion is no longer feasible. Although transarterial embolization 
can regionally suppress tumor growth by occluding major 
feeding arteries, it often fails to completely block the blood 
supply in multifocal HCC. In such cases, VDAs provide an 
alternative by selectively targeting established tumor vascu-
lature. However, the acute disruption exacerbates hypoxia in 
residual tumor regions, thus upregulating hypoxia-inducible 
factors such as HIF-1α and enhancing VEGF expression, 
and potentially further aggravating vascular abnormality. 
Additionally, vascular disruption promotes an immunosup-
pressive microenvironment, characterized by elevated M2 
macrophage polarization and PD-L1 expression, which 
contributes to tumor recurrence and metastasis [114, 115]. 
Therefore, this strategy often requires combination with sub-
sequent treatments to eliminate surviving, aggressive tumor 
cells at the periphery. One promising approach is to combine 
VDAs with immunotherapeutic agents, which may not only 
counteract the immune suppression induced by VDAs but 
also promote immune activation against the surviving tumor 
cells [114].

In contrast, vascular normalization, which focuses on 
remodeling aberrant vasculature to improve the tumor 
microenvironment, serves as an adjuvant therapy to enhance 
the efficacy of chemotherapy or immunotherapy. This strat-
egy enables fine-tuning of the TME, particularly in immuno-
logically “cold” tumors such as breast cancer, which exhibit 
low baseline T cell infiltration and abundant immunosup-
pressive myeloid cells. Even in relatively immunoresponsive 
subtypes such as triple-negative breast cancer, monother-
apy with PD-1/PD-L1 inhibitors yielded objective response 
rates of only 5.2%–18.5% in early trials. Abnormal tumor 
vasculature impairs perfusion and immune cell infiltration, 
exacerbates hypoxia, dampens cytotoxic T cell function, and 
recruits immunosuppressive cells such as MDSCs and Tregs. 
Hypoxia also stimulates the secretion of immunosuppressive 
cytokines and upregulates PD-1 on T cells. Low-dose anti-
VEGFR2 antibody treatment has been found to induce vas-
cular normalization, promote immune cell infiltration and 
activation, and stimulate osteopontin secretion by CD8+ T 
cells. OPN triggers TGF-β production by tumor cells and 
leads to PD-1 upregulation on immune cells. Combined low-
dose VEGFR2 inhibition and anti-PD-1 therapy have shown 
promising tolerability and efficacy in patients with advanced 
TNBC.

Notably, the two strategies are not mutually exclusive, 
and their combination could yield synergistic anti-tumor 
outcomes. For example, although CA4-NP-induced vas-
cular disruption decreases tumor burden, it often elevates 
VEGF expression, thus resulting in highly abnormal vas-
culature that impedes CD8+ T cell infiltration and compro-
mises anti–PD-1 efficacy [106]. Bao et al. have sequentially 
applied vascular disruption and normalization and observed 
that CA4-NPs induced vascular collapse and hypoxia-me-
diated necrosis, thereby decreasing tumor burden, whereas 
subsequent DC101 (anti-VEGFR2) normalized the vas-
culature, alleviated hypoxia, and enhanced intratumoral 
CD8+ T cell infiltration [116]. This sequential approach 

rebalanced the CD8+ T cell–tumor burden ratio. On day 
10 of treatment, the tumor inhibition rates were 47.0%, 
25.3%, and 63.5% in the CA4-NP, DC101, and combi-
nation groups, respectively. With the addition of anti– 
PD-1 therapy, the inhibition rate reached 86.4%.

Improving treatment efficacy:  
ultrasound-based vasodilation
Vascular normalization plays a crucial role in enhancing 
therapeutic efficacy by restoring vascular function, thereby 
decreasing interstitial fluid pressure and improving blood 
perfusion. However, emerging evidence suggests that tran-
siently increasing vascular permeability might also enhance 
treatment sensitivity. A notable example is nanoparticle-based 
drug delivery systems, which exploit the inherent structural 
defects in the tumor vasculature, such as defective endothe-
lial cell alignment and intercellular gaps, thereby facilitating 
nanomedicine accumulation. Although the enhanced perme-
ability and retention effect has been widely used, passive 
reliance on this phenomenon alone is often insufficient for 
effective nanoparticle penetration into tumors. Therefore, 
strategies aimed at further augmenting vascular permeability 
have considerable therapeutic potential.

Wang et al. have engineered ultrasound-responsive lipos-
omes for targeted GSNO delivery, which induce vasodila-
tion through vascular smooth muscle cells, and consequently 
enhance tumor perfusion and permeability, particularly in 
low-permeability tumors with denser vascular smooth muscle 
cells in more rigid vasculature [117]. Intratumoral vascular 
heterogeneity, characterized by immature central vessels and 
structured peripheral vasculature, has prompted important 
questions regarding regional variations in NO responsiveness.  
Therefore, a dual strategy was devised by combining 
NO-induced vasodilation in peripheral vessels with ultra-
sound-mediated ablation of central vessels to improve che-
mosensitization. Bellary et al. have further advanced this 
concept by demonstrating focused ultrasound-guided MB 
delivery of plasmids bearing inducible nitric oxide synthase 
sequences into the tumor vasculature, thus enabling sustained 
localized NO production via endothelial transfection [118]. 
This approach effectively addresses the spatial limitations of 
conventional NO delivery and offers precise spatiotemporal 
control within tumors.

Mild hyperthermia is another promising approach for 
enhancing vascular permeability by thermally expand-
ing microvascular pores. Clinical studies have shown 
that combining hyperthermia with chemotherapy signifi-
cantly improves local tumor control [119]. Xia et al. have 
demonstrated that laser-induced thermal effects promote 
localized vascular dilation and markedly increase chemo-
therapeutic drug accumulation in tumors [120]. Similarly, 
Xiang et al. have used ultrasound-mediated hyperthermia, 
which has superior tissue penetration, and observed post-
sonication vascular expansion and an increase in average 
vessel diameter [121]. This approach not only increased 
intratumoral drug concentrations but also enhanced T-cell 
infiltration, thus suggesting a potential synergistic immuno-
modulatory effect.
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Ultrasound-based tumor  
vasculature monitoring  
strategies

Therapeutic strategies targeting the tumor vasculature 
effectively inhibit tumor growth. The Response Evaluation 
Criteria in Solid Tumors (RECIST) criteria are used primar-
ily to assess therapeutic effects and prognosis by measuring 
tumor volume changes and lymph node metastasis [122]. 
However, alterations in tumor size are often not measura-
ble until several months post-treatment, and current clini-
cal response criteria based solely on dimensional changes 
might be misleading [123]. Certain therapeutic strategies, 
such as anti-angiogenic therapy and the induction of vascu-
lar normalization, can exacerbate tumor aggressiveness and 
treatment resistance if they are over-administered or inad-
equately dosed [14, 124]. Angiogenesis, an early biologi-
cal alteration in tumors, often precedes tumor growth and 
consequently is a valuable predictive biomarker for tumor 
prognosis. Additionally, monitoring the time window of 
vascular normalization is critical for optimal treatment tim-
ing [125]. Therefore, assessment of dynamic changes in the 
tumor vasculature is essential for effective tumor control. 
Ultrasound, a non-invasive, cost-effective, and real-time 
imaging technique, has been widely used in clinical trials to 
monitor the tumor vasculature (Table 1). Methods include 
Doppler ultrasound imaging, such as spectral Doppler, color 
Doppler, and power Doppler, which are limited to larger ves-
sels; contrast-enhanced ultrasound, which can comprehen-
sively evaluate microvascular structures and perfusion with 
diameters less than 200 μm; and UMI, which overcomes 
structural imaging limitations. Demand for high-resolution 
imaging has driven the emergence of advanced ultrasound 
techniques such as ultrasound localization microscopy and 
super-resolution ultrasound imaging, which enable non-inva-
sive visualization of fine vascular structures. Consequently, 
ultrasound-based tumor vascular monitoring strategies have 
undergone rapid development [126] (Figure 6).

Conventional doppler ultrasound

Doppler ultrasound enables non-invasive assessment of tumor 
angiogenesis by detecting hemodynamic parameters such 
as the pulsatility index (PI) and resistance index (RI) [127, 
128]. Doppler ultrasound encompasses multiple modalities, 
such as spectral Doppler, color Doppler, and power Doppler. 
Spectral Doppler, including continuous-wave Doppler, is 
suitable for high-velocity blood flow analysis but cannot 
precisely localize flow velocity. Pulsed-wave Doppler offers 
better spatial resolution but diminished accuracy in distant 
flow measurements. Color Doppler provides intuitive visual-
ization of flow direction and velocity; however, its accuracy 
diminishes at the Nyquist limit. Power Doppler achieves 
superior sensitivity for low-velocity flow and deeper struc-
tures, but lacks directional information [125]. To enhance 
capabilities by providing comprehensive spatial hemody-
namic data, 3D power Doppler was developed. This method 

is particularly useful for evaluating overall tumor blood per-
fusion, for example, through the vascularization index, flow 
index, and vascularization-flow index in endometrial cancer 
[129]. Nevertheless, because conventional Doppler tech-
niques remain limited in detecting flows below 1 cm/s, they 
have limited utility in imaging the tumor microvasculature.

To overcome sensitivity limitations, ultrafast Doppler 
technology has emerged as a major advancement. With 
plane-wave imaging and spatiotemporal filtering, flow 
detection sensitivity is enhanced more than 50-fold, and 
low-velocity flows as slow as 1 mm/s can be visualized with 
an in-plane resolution of 100 μm at 15 MHz [130]. Further 
innovation led to ultrafast Doppler tomography (UFD-T), 
which enables 3D high-resolution vascular imaging. UFD-T 
accurately delineates tumor vascular networks and local 
hemodynamics, and notably aids in monitoring of angiogen-
esis and responses to anti-angiogenic treatments such as vas-
cular normalization. UFD-T offers considerable advantages: 
its high resolution and sensitivity can reveal typical tumor 
microvessel features, narrow diameters, and slow flow, and 
can clearly visualize vascular evolution from pre-existing 
skin vessels to new branches induced by tumor growth, cul-
minating in ischemia as tumors exceed a critical size. It can 
track spatiotemporal changes in individual vessels, such as a 
distant vessel becoming a major supply artery. Quantitative 
analyses have shown that tumor vessel diameter follows an 
exponential distribution (R2 > 0.93), and >74% of vessels are 
<200 μm, in line with histological findings by Hashizume et 
al. (2000), thus confirming the biological relevance of these 
parameters [131]. Additionally, the finding that UFD-T’s 
vascular developmental stages strongly correlate with perfu-
sion changes observed on dynamic contrast-enhanced ultra-
sound (DCE-US) has validated its role in monitoring tumor 
angiogenesis. Although conventional Doppler ultrasound is 
useful for assessing macroscale perfusion (e.g., in endome-
trial lesions), it has limited sensitivity and lacks strong cor-
relation with VEGF expression or MVD.

Contrast-enhanced ultrasound

The visualization of microvascular blood flow is crucial for 
differentiating normal from abnormal tissue. In patients with 
glioma, increased tumor perfusion correlates with increased 
progression-free survival and overall survival [132]. CEUS 
using MB contrast agents enhances microvascular perfusion 
visualization, thereby improving tumor vascular imaging 
sensitivity [133].

Visualization of tumor microvascular 
perfusion

Imaging with MBs (1–10 μm in diameter), which remain 
intravascular, enhances blood flow and tissue perfusion 
imaging by exploiting their unique acoustic and nonlinear 
oscillation properties, and therefore is ideal for contrast 
enhancement in ultrasound imaging [134, 135]. This method 
improves dynamic tumor imaging and vascular depiction, 
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and supports early tumor diagnosis and treatment monitor-
ing. Furthermore, Caremani has proposed that the time taken 
for contrast agents to reach benign versus malignant lesions 
differs [136]. With dynamic MB imaging, the spatiotempo-
ral characteristics of blood flow can be determined to enable 
early diagnosis and treatment assessment of the tumor vas-
culature [24, 31, 40].

Quantitative analysis of tumor 
microvascular perfusion and clinical 
applications

A key strength of CEUS is its quantitative analysis ability. 
Through generation of time-intensity curves (TICs), several 
perfusion parameters, such as peak intensity, rise time, and 
area under the curve (AUC), can be derived. These metrics 
closely correlate with tumor MVD and angiogenic activity, 
and provide critical information for personalized treatment 
strategies [137, 138]. The clinical utility of CEUS has been 
widely demonstrated. For example, lymph node metastasis, 
a hallmark of active tumor angiogenesis, is significantly 
positively correlated with six TIC parameters (P < 0.05), 
among which peak enhancement (r = 0.415, P = 0.020) and 
time to peak (TTP, r = 0.421, P = 0.018) also significantly 

correlate with CD31-labeled microvascular area. The per-
fusion patterns observed via CEUS align with characteris-
tic pathological features of colorectal cancer angiogenesis. 
Although no significant correlation has been found between 
VEGFR1/VEGFR2 gene expression and TIC parameters, 
CEUS has core value as a minimally invasive, quantitative, 
and reproducible tool for monitoring angiogenesis. CEUS 
has been applied to evaluate pancreatic lesions: TIC-derived 
parameters have been used to differentiate pancreatic ade-
nocarcinoma, chronic pancreatitis, and neuroendocrine 
tumors. Clinical studies in colorectal cancer indicating that 
TIC-derived parameters correlate with immune markers 
such as CD31 have offered new evidence that CEUS can be 
used to predict postoperative recurrence-free survival and 
overall survival [139]. However, compared with endothe-
lial markers such as CD31 and CD34, CD105 enables more 
precise assessment of angiogenesis and microvessel den-
sity, although CE-EUS-derived perfusion parameters show 
no significant correlation with CD105, thus indicating both 
its potential and limitations in early tumor diagnosis and 
treatment response evaluation. In 2016, the FDA approved 
SonoVue for pediatric liver and bladder imaging, in a nota-
ble advancement in pediatric CEUS applications [140]. 
EFSUMB guidelines recommend dynamic CE-EUS for 
assessing the response of metastatic tumors to biologic ther-
apies with an A-level endorsement [135].

Figure 6  Advances in ultrasound-based monitoring strategies for the tumor vasculature.

BIOI  2026
R

eview



14� L. Lei et al.: DOI: 10.15212/bioi-2025-0117

Innovations in contrast-enhanced ultra-
sound technology

The development of novel contrast agents, such as nanopar-
ticles, has enhanced both imaging resolution and targeting 
capabilities, and has positioned CEUS as a promising tool 
in precision medicine. Santiesteban et al. have developed a 
multimodal imaging platform using color-coded perfluoro-
carbon nanodroplets, which enables both ultrasound and 
photoacoustic imaging for multimodal analysis. This plat-
form can target specific receptors, providing comprehensive 
anatomical and information for pathological tissues [141]. 
Additionally, the integration of artificial intelligence (AI) 
in image analysis has further advanced vascular imaging. 
Combining deep learning models with ultrasound images 
has yielded increased diagnostic accuracy [142]. In a chick 
embryo chorioallantoic membrane model of tumor angio-
genesis, deep learning-based algorithms have successfully 
detected small-caliber blood vessels. The integration of 
ultrasound with AI has great promise as a research tool for 
monitoring tumor angiogenesis.

Ultrasound molecular imaging

Despite its enhanced capability for quantifying tumor perfu-
sion, CEUS fundamentally relies on the non-specific hemo-
dynamic distribution of MBs. This approach assesses angi-
ogenesis through anatomic or functional changes yet falls 
short in capturing key molecular information during early 
angiogenic stages. Signaling molecules such as VEGF and 
integrin αvβ3 play central roles in regulating tumor micro-
circulation and tissue perfusion, as critical mediators of 
angiogenesis. To enable non-invasive and specific detection 
of these biomarkers at the molecular level, UMI has emerged 
as a cutting-edge technology. Molecular imaging using tar-
geted contrast agents enables the visualization of cellu-
lar and molecular processes in vivo, and can provide early 
insights into potential changes before they manifest anatom-
ically or physiologically [143]. Common techniques include 
single-photon emission computed tomography (SPECT) 
and positron emission tomography with radiotracer agents, 
magnetic resonance imaging (MRI)-based molecular imag-
ing using magnetic nanoparticles, and UMI [144–146]. UMI 
notably strikes an optimal balance among resolution, sen-
sitivity, cost-effectiveness, and clinical accessibility. Unlike 
conventional ultrasound using MBs, it uses targeted MBs 
modified with specific ligands that bind disease-specific 
biomarkers at lesion sites [147], thus enabling lesion local-
ization and monitoring of molecular-level tumor vascular 
pathophysiological changes, and offering new opportunities 
for early tumor diagnosis and precise treatment.

Imaging signal processing techniques

UMI relies on the nonlinear response of ultrasound waves 
when they interact with contrast MBs. Because these MBs 
scatter ultrasound waves nonlinearly, their signals can be 
distinguished from linear waves reflected by surrounding 

tissues. This distinction enables precise imaging of MB con-
trast agents while avoiding interference from the surround-
ing tissue [133]. Advanced imaging techniques such as pulse 
inversion imaging, power modulation imaging, and contrast 
pulse sequencing are used to capture the MB signals without 
damaging the MBs themselves, thereby ensuring high image 
quality [148, 149]. Sensitive particle acoustic quantification 
quantifies signals from bound MBs by selectively destroy-
ing unbound, free MBs, thus enhancing imaging accuracy 
[150]. Additionally, the destruction-replenishment technique 
further increases imaging precision by destroying MBs after 
they bind targets and analyzing the signal differences before 
and after destruction [151].

Molecular-targeted vascular imaging 
strategies

Unlike traditional imaging methods, molecular imaging over-
comes the limitations of anatomical imaging by achieving 
molecular-level precision [152]. This goal is accomplished by 
designing contrast agents that specifically target biomarkers 
associated with particular pathologies. A prominent target in 
UMI is VEGFR2, a transmembrane protein found on the sur-
faces of neovascular endothelial cells and a key marker for 
imaging angiogenesis (Table 2). BR55, a VEGFR2-targeted 
contrast agent commercially available from Bracco, was 
designed for imaging endothelial cells involved in angiogen-
esis [152]. Studies have demonstrated the safety and feasibil-
ity of using UMI to target VEGFR2 in patients with prostate 
cancer [153]. BR55 MBs have also demonstrated efficacy in 
diagnosing breast cancer and ovarian lesions, by enhancing 
ultrasound contrast in 93% of malignant breast lesions and 
85% of malignant ovarian lesions [154]. Furthermore, recent 
advancements in dual-targeting strategies, combining multi-
ple ligands such as VEGFR1 with follicle-stimulating hor-
mone receptor, or VEGFR2 with αvβ3 integrin, have further 
increased the specificity of contrast agents and consequently 
enhanced the overall quality of molecular imaging [155].

Multimodal integration for tumor vascular 
monitoring

Substantial progress has been made in multimodal detection 
by integrating UMI with other imaging modalities such as 
MRI, CT, and fluorescence imaging [156–158]. The combi-
nation of MBs with these imaging techniques has advanced 
the resolution and accuracy of tumor vascular monitoring. 
For example, the development of 3D UMI, paired with 
matrix transducers for multi-frame frequency data acquisi-
tion, has increased the quality of tumor vascular multimodal 
imaging, particularly in the detection of VEGFR2 expres-
sion. Ultrasound localization microscopy (ULM), a rapidly 
advancing technology that overcomes the diffraction limits of 
ultrasound resolution, has also been crucial. ULM can distin-
guish microvessels and track individual MBs to gather flow 
speed information. Preclinical studies exploring the combi-
nation of UMI with ULM have achieved super-resolution 
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vascular imaging with a resolution of 28.8 μm, and enabled 
the co-localization of VEGFR2-targeted MB signals [159]. 
These developments have provided a robust theoretical and 
practical foundation for the multimodal application of UMI 
in tumor detection, which might enhance diagnostic accu-
racy and therapeutic outcomes. This model represents a 
promising direction for the future of UMI in tumor detection 
and personalized treatment evaluation.

Super-resolution ultrasound  
imaging
Ultrasound imaging enhances sensitivity to unresolved micro-
vasculature through the use of contrast agents. However, 
similarly to MRI, CT, or SPECT, it remains constrained by 
spatial resolution limitations. Conventional imaging modal-
ities cannot resolve microvasculature that is highly sensitive 
to anti-angiogenic therapies. The ability to visualize and ana-
lyze structural and functional characteristics of the micro-
vascular system is essential for assessing and monitoring 
vascular responses to treatment. Consequently, super-reso-
lution ultrasound (SR-US) imaging was developed. SR-US 
encompasses a range of techniques using high-frequency 
sound waves to resolve structures spaced closer than the 
conventional diffraction limit (approximately half the wave-
length), including ULM, super-resolution fluctuation imag-
ing, structured illumination, and near-field methods. The 
concept of SR-US has been explored for decades [160], and 
a key breakthrough occurred in 2010 with the introduction 
of ULM based on ultrasound contrast agents (MBs) and 
ultrahigh-frame-rate scanners [161]. Analogously to fluo-
rescence-based super-resolution microscopy, ULM replaces 
optical with acoustic signals to surpass the ultrasonic diffrac-
tion limit. Its core principle involves continuous tracking and 
precise localization of flowing MBs; by compiling spatial 
coordinates from millions of individual events, microvascu-
lar images surpassing wavelength-limited resolution can be 
reconstructed [162, 163]. In 2013, ULM achieved subwave-
length resolution in vitro, by distinguishing microvessels 
spaced less than half a wavelength apart [164]. Subsequent 
studies have shown that SR-US can visualize structural 
changes in tumor microvasculature after bevacizumab ther-
apy [165]. In practice, the resolution of SR-US is no longer 
constrained by acoustic wavelength but depends primarily 
on MB localization accuracy and the system point spread 
function. Under ideal conditions, ULM can achieve in-plane 
resolutions of 10–20 μm, and approximately 28.8 μm in 
small animal models [112, 152].

Two primary factors limiting SR-US are MB localiza-
tion uncertainty and localization density. To enable sin-
gle-MB tracking, contrast agent concentrations must often 
be decreased; consequently, thousands of images must 
be acquired to compensate for weak scattered signals. 
Real-time SR-US image reconstruction is therefore highly 
challenging [125]. Additionally, the stability and bio-
compatibility of MBs in vivo are critical considerations. 
Factors such as susceptibility to acoustic destruction, 
rapid clearance rates, and low targeting efficiency might 
compromise imaging performance. In certain anatomical 

sites, such as ocular choroidal melanoma, potential risks 
of vascular injury induced by MBs also warrant atten-
tion [166]. To address contrast-related limitations, recent 
advances have focused on contrast-free ultrasound micro-
vascular imaging. These techniques integrate morpho-
logical filtering and vascular enhancement algorithms to 
visualize tumor microvessels as small as 150 μm and to 
extract vascular morphological features as novel biomark-
ers for cancer diagnosis [167, 168]. For example, a clinical 
study differentiating choroidal tumors has identified six 
high-definition microvascular imaging (HDMI) biomark-
ers—number of vessel segments (NV, p = 0.003), number 
of branch points (NB, p = 0.003), vessel density (VD, p 
= 0.03), maximum tortuosity (τ

max
, p = 0.001), microves-

sel fractal dimension (mvFD, p = 0.002), and maximum 
diameter (D

max
, p = 0.003)—that exhibited significant 

differences between malignant melanomas and benign 
nevi [169] (Figure 7A). Furthermore, NV, NB, FD, and 
mean/maximum tortuosity have also shown discriminative 
power between benign and malignant liver lesions [169]. 
A recent study has highlighted the utility of quantitative 
HDMI (qHDMI) for evaluating neoadjuvant chemother-
apy response in patients with breast cancer. qHDMI bio-
markers capturing tumor vascular morphology detected 
response trends within weeks of treatment initiation, and 
significant differences were found between responders and 
non-responders. For example, six key biomarkers—VD (p 
= 0.023), maximum tortuosity (τ

max
, p = 0.049), maximum 

diameter (D
max

, p = 0.002), FD (p = 0.002), mean Murray’s 
deviation (MD

mean
, p = 0.034), and maximum Murray’s 

deviation (MD
max

, p = 0.022)—exhibited distinctly dif-
ferent trends throughout the treatment course between 
groups [170] (Figure 7B). Future studies may involve 
larger patient cohorts with more longitudinal time points 
to enhance statistical robustness, as well as volumetric 
microvascular imaging to enable comprehensive analysis 
of the tumor microvasculature for predictive modeling.

Clinical translation and future 
challenges

Ultrasound-based tumor vascular targeting exemplifies the 
transformative potential of multidisciplinary modalities. 
Integration of expertise from acoustic physics, molecular 
oncology, and biomedical imaging has overcome the con-
straints of conventional unimodal therapies by achieving 
mechanistic synergy. Ultrasound’s mechanical, cavitation, 
and thermal effects enable spatiotemporally controlled inter-
ventions, with applications as diverse as molecular-scale 
drug targeting and macroscale tumor ablation. Advanced 
monitoring modalities, super-resolution hemodynamic 
imaging, and molecular contrast-enhanced ultrasound facil-
itate real-time, quantitative vascular phenotyping, thereby 
enabling precision-guided therapeutic window optimization. 
Critically, ultrasound-driven vascular modulation has led to 
a paradigm shift in immuno-oncology.

Several clinically translated products have achieved nota-
ble vascular effects. The Edison system by HistoSonics has 
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innovated controlled acoustic cavitation by enabling tis-
sue destruction through non–thermal mechanical effects, 
under ultrasound real–time visualization guidance. Clinical 
data have indicated that the Edison system selectively pre-
serves larger vessels in the ablation area, thus significantly 
decreasing intraoperative bleeding risk (NCT04572633 and 
NCT04573881). In 2023, the device was granted break-
through device designation by the FDA (DEN220087). The 
HOPE4LIVER clinical trial has reported a technical success 
rate of 95% (42 of 44) in treating primary and metastatic 
liver tumors [171].

Additionally, the JC series HIFU devices by Haifu 
Medical, using phased–array focusing technology, ena-
ble millimeter–precise positioning. In clinical studies, 
the devices’ thermal ablation effects have been shown to 
severely damage tumor vessels, particularly immature ves-
sels with a diameter below 2 millimeters [172]. The devices 
also effectively inhibit tumor proliferation, invasion, and 
metastasis. This technology has been demonstrated to induce 
a strong immune response in primary breast cancer lesions 

(100% vs 64% in the control group), manifesting as signifi-
cant expansion of cytotoxic T lymphocyte and natural killer 
cell populations in the axillary lymph nodes [173]. A novel 
portable ultrasound–guided HIFU system is currently under 
development [174].

In ultrasound–based vascular monitoring, the combination 
of ultrasound and molecular imaging for early and high–pre-
cision imaging is expected to be the next mainstream trend 
in translation. Building on the success of its conventional 
ultrasound contrast agent SonoVue®, Bracco has advanced 
its targeted agent BR55 into Phase II clinical trials for 
multiple cancers, including prostate and ovarian cancers. 
(CTR20220634, NCT03486327, and NCT04248153). This 
technology has marked a shift from ultrasound anatomi-
cal imaging to functional–molecular imaging, by provid-
ing a real–time efficacy assessment tool for individualized 
anti–angiogenic therapy.

These technological advances demonstrate the grow-
ing clinical relevance of ultrasound in cancer therapy. The 
ability of ultrasound to target blood vessels and the tumor 

Figure 7  Advances in super-resolution ultrasound (SRUS) imaging technology. (A) High-definition microvascular imaging (HDMI) for dif-
ferentiating choroidal tumors in humans in 2024. Comparison of B-mode and HDMI images of choroidal melanoma and hemangioma, 
emphasizing enhanced vascular visualization for tumor characterization (Adusei SA et al. (2024). Cancers (Basel) 16(2):395. doi: 10.3390/
cancers16020395. Licensed under CC BY 4.0) [169]. (B) Quantitative HDMI (qHDMI) images and biomarkers from a 36-year-old patient with 
breast cancer before, during, and after chemotherapy, showing dynamic microvascular changes in response to therapy (Sabeti S et al. (2025). 
Breast Cancer Res 27(1):24. doi: 10.1186/s13058-025-01978-y. Licensed under CC BY 4.0) [170].
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microenvironment has opened opportunities for better treat-
ment delivery, higher precision in imaging, and enhanced 
drug efficacy, thus facilitating more effective clinical inter-
ventions. However, despite these promising developments, 
several challenges remain in translating ultrasound-based 
vascular targeting technologies into widespread clinical 
practice. A major challenge lies in the influence of ultrasound 
parameters (e.g., frequency, acoustic pressure, and pulse 
width) on the acoustic cavitation effects and subsequent bio-
logical responses, thus hindering treatment reproducibility 
and consistency. The lack of standardized protocols across 
devices and treatment regimens has further impeded multi-
center studies and clinical use. Additionally, physical limita-
tions in penetration depth required for imaging and treating 
deep-seated tumors necessitate systematic optimization of 
beam characteristics and tissue interactions. Moreover, the 
complexity of ultrasound-based treatments, compounded by 
challenges including skull attenuation in brain tumor appli-
cations and the high costs associated with advanced equip-
ment, poses challenges to their broader use. For example, 
although UMI has shown promise, its limitations in imaging 
depth (particularly in transcranial or abdominal imaging), 
need for real-time monitoring with high temporal resolution, 
and technical intricacies have restricted its accessibility in 
certain settings.

In the future, another crucial aspect requiring in-depth 
evaluation is treatment safety. Although the violent oscil-
lation or collapse (cavitation) of MBs under acoustic 
fields enhances vascular permeability, it can also cause 
microvascular damage, endothelial erosion, and even 
microthrombosis, thus potentially leading to thromboem-
bolic risks. Off-target cavitation effects also warrant cau-
tion, particularly in highly perfused or fragile tissues, in 
which inappropriate acoustic exposure could potentially 
result in hemorrhage or tissue injury. Therefore, advancing 
therapeutic ultrasound and molecular imaging applications 
requires integrated consideration of acoustic parameters, 
MB dosage, and individual vascular anatomy, underpinned 
by rigorous safety assessment frameworks. The develop-
ment of real-world evidence through multi-center interna-
tional studies would help address current gaps in clinical 
knowledge. Collaborations such as the Focused Ultrasound 
Foundation (FUSF) aim to create large, diverse databases 
to better understand ultrasound treatment outcomes across 
various demographics and tumor types. Furthermore, 
early cancer signals, such as trace tumor methylation in 
the blood, can be detected with circulating tumor DNA 
methylation multi–cancer screening technologies, which 
can identify minimal traces of tumor methylation in the 
blood as many as 4 years before conventional clinical 
diagnosis [175]. The Guardant360 CDx assay (Guardant 
Health; FDA-approved PMA P200010, 2020) may be 
integrated with ultrasound-derived parameters to enable 
dynamic optimization of therapeutic windows. The inte-
gration of AI with ultrasound systems holds promise for 
next-generation oncology tools, particularly in advancing 
image-guided therapeutic strategies. A major milestone 
was achieved in 2020 with the FDA approval of Caption 
Guidance, the first AI-assisted ultrasound diagnostic soft-
ware (DEN190040), a breakthrough that has paved the 

way to more personalized and precise treatment plans. As 
molecular ultrasound imaging-guided therapies, nanotech-
nology, and AI algorithms continue to evolve, ultrasound 
technology is poised to play an increasingly essential role 
in precision medicine. These innovations are expected to 
enhance the development of targeted therapies, particu-
larly in oncology, by improving the accuracy and person-
alization of tumor treatments. The integration of AI with 
ultrasound systems promises to enable next-generation 
oncologic tools. Caption Guidance has provided a founda-
tion for standardized image acquisition and interpretation 
to support larger clinical validation studies. With contin-
ued advances in UMI-guided therapy, nanotechnology, and 
AI algorithms, the role of ultrasound in precision oncology 
is expected to expand. Ultimately, the clinical utility and 
cost-effectiveness of these technologies must be validated 
through large prospective trials in diverse populations to 
facilitate their transition from technical platforms to rou-
tine clinical use, thereby advancing more precise and per-
sonalized cancer treatment.
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