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Introduction
Brain tumors are prevalent and life-threatening, with approxi-
mately 308,000 new cases and 251,000 deaths worldwide in 2020. 
Their infiltrative growth and indistinct boundaries pose significant 
surgical challenges.1,2 The paramount objective of neurosurgery is 
to achieve maximal safe resection while preserving neurological 
function.

Intraoperative ultrasound (IOUS) has played a pivotal role in 
real-time, precise localization of intracranial lesions since its in-
troduction to neurosurgery in the 1980s, facilitated by rapid ad-
vancements in ultrasonography. It helps surgeons maximize lesion 
resection while minimizing unnecessary removal of normal tissue, 
thereby reducing iatrogenic injury.2 Recent advances in multimod-
al IOUS, including color/power Doppler imaging, contrast-en-

hanced ultrasound (CEUS), and elastosonography, have expanded 
IOUS from real-time anatomical localization to the assessment of 
vascular/perfusion characteristics and tissue stiffness in brain tu-
mor surgery.3

Despite advantages such as procedural simplicity, cost-effec-
tiveness, and radiation-free operation, conventional IOUS exhibits 
limitations in residual tumor detection (particularly for isoechoic 
lesions), vascular structure discrimination, and demarcation of tu-
mor boundaries from surrounding edema.2 Additionally, brain shift 
caused by intracranial pressure changes or focal resection compro-
mises anatomical landmark identification and lesion localization 
during surgery.4

CEUS significantly enhances the sensitivity of ultrasound in 
detecting low-velocity blood flow through harmonic imaging, 
enabling more precise localization of lesions and intracranial 
structures. It provides comprehensive visualization of the entire 
vascular network, offering anatomical information, tumor perfu-
sion characteristics, and adjacent vessel details, thereby assist-
ing surgeons in intraoperative tumor boundary assessment and 
tumor grading.5–7 The application of ultrasound in neurosurgery 
continues to advance, and currently, multiple ultrasound imaging 
techniques, including two-dimensional grayscale ultrasound, ultra-
sound elastography, color Doppler flow imaging (CDFI), micro-
vascular flow imaging (MFI), CEUS, artificial intelligence (AI), 
and navigated ultrasound, can be used in real time during surgery, 
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making the resection of brain tumors more precise, thorough, safe, 
and effective.7,8

In summary, despite significant advances in IOUS and CEUS 
for brain tumor surgery, most existing studies focus on validating 
single techniques, with limited systematic synthesis of multimodal 
synergies. This narrative review aims to present the principles and 
clinical applications of IOUS and CEUS in brain tumor surgery, 
with particular emphasis on their complementary and synergistic 
roles; summarize the diagnostic performance of related IOUS mo-
dalities in tumor boundary delineation, residual tumor detection, 
vascular preservation, and tumor–edema differentiation; and iden-
tify current limitations and future directions to provide practical 
insights for image-guided precision neurosurgery.

Evolving ultrasound technology in brain tumor surgery: Syn-
ergistic complementarity of IOUS and CEUS

IOUS
Since its introduction into neurosurgery in the 1980s, IOUS has 
undergone a developmental trajectory from low-frequency, low-
resolution imaging toward high-frequency, high-resolution imag-
ing. In the early stages of ultrasound technology development, 
two-dimensional grayscale ultrasound predominated; during this 
period, image quality was suboptimal, resolution was relatively 
low, and artifacts were prominent.4,5 This technology was primar-
ily employed for deep lesion localization and puncture guidance; 
however, limited image quality restricted its ability to delineate 
detailed tumor characteristics.

With continuous advancements in probe technology, the ap-
plication of high-frequency linear array probes (e.g., 7–15 MHz) 
significantly enhanced spatial resolution, facilitating more precise 
observation of brain tissue architecture, tumor boundaries, mor-
phology, internal echogenicity patterns, and their relationships 
with surrounding structures.2 This proved particularly valuable for 
intraoperative localization of infiltrative tumors such as gliomas.6 
During IOUS procedures, two-dimensional ultrasound is first uti-
lized, followed by the integration of other ultrasound techniques to 
acquire more comprehensive multimodal information encompass-
ing anatomical and functional imaging characteristics.5

In recent years, the integration of technologies such as elastog-
raphy and Doppler flow imaging has further expanded the capa-
bilities of IOUS, enabling it to provide not only anatomical in-
formation but also insights into tissue stiffness and hemodynamic 
status.3,9 Ultrasound elastography, as an emerging non-invasive 
imaging technique, facilitates tumor identification through quanti-
tative or semi-quantitative assessment of tissue stiffness differenc-
es.10–12 Currently, elastography techniques commonly employed in 
brain tumor surgery include strain elastography and shear wave 
elastography (SWE).13,14 The former, a quasi-static strain imaging 
modality, generates tissue strain by applying stress to the region of 
interest, allowing assessment of tissue softness or hardness based 
on ultrasound echo signals; the latter, a dynamic elastography tech-
nique, utilizes color-coded mapping for differentiation and offers 
superior reproducibility and contrast compared with strain elastog-
raphy.

Chauvet et al.15 demonstrated in their 2016 study that differ-
ences in stiffness exist between low-grade and high-grade gliomas 
(HGGs), as well as between low-grade gliomas (LGGs) and nor-
mal brain tissue. In the study by Wang et al.,16 SWE was employed 
alone during brain tumor surgery, with postoperative magnetic 
resonance imaging (MRI) serving as the gold standard for assess-

ing residual tumor detection accuracy. The study found that SWE 
yielded a Kappa value of 0.714 with MRI, comparable to the 0.717 
achieved by two-dimensional ultrasound, suggesting comparable 
performance in identifying residual tumor. Cepeda et al.17 applied 
strain elastography to 102 patients with brain tumors, calculating 
mean tissue elasticity values through semi-quantitative analysis. 
They identified significant differences in elasticity values among 
tumors of different pathological types (P < 0.001). A substantial 
body of research indicates that elastography provides valuable 
supplementary information for surgeons during cranial tumor pro-
cedures.14,15,17,18

CDFI utilizes Doppler technology to visualize blood flow direc-
tion and measure flow velocity. In the context of brain tumor sur-
gery, it primarily encompasses color Doppler ultrasound and power 
Doppler ultrasound.19,20 In imaging results, red typically indicates 
blood flow moving toward the transducer, whereas blue denotes 
flow moving away from the transducer.5 The optimal timing for 
this technique is after craniotomy but before dural incision. This 
technology provides comprehensive information regarding tumor 
vascularity,3 including the relationship between major vessels and 
the tumor, tumor vessel caliber, tumor feeding arteries, and tumor-
draining veins. Such information assists surgeons in more precise-
ly determining surgical location and depth while avoiding injury to 
critical vessels. However, color Doppler is notably susceptible to 
scanning angle effects,4,19 and image quality degrades with deeper 
target locations. Large sampling windows may introduce artifacts; 
while it demonstrates advantages in visualizing larger vessels, its 
capacity for microvascular visualization is limited.21 In contrast, 
power Doppler is unaffected by flow angle and direction,2 offering 
greater sensitivity in detecting small-caliber and deep-seated ves-
sels. Nevertheless, power Doppler does not provide information on 
flow direction. Previous studies have demonstrated that Doppler 
ultrasound assessment of critical tumor and peritumoral vessels 
reduces intraoperative vascular injury and decreases postoperative 
complications.3,19

MFI and superb microvascular imaging (SMI), as emerging 
Doppler imaging techniques,21–25 effectively suppress tissue mo-
tion artifacts, offer high resolution, and preserve microvascular 
blood flow signals. Their capability in displaying low-velocity 
blood flow surpasses that of conventional color and power Dop-
pler. The terminological distinction primarily reflects vendor-
specific nomenclature rather than fundamental technical differ-
ences.3,26 However, reports on their application in cranial surgery 
remain relatively scarce.

In 2017, Ishikawa et al.21 first applied MFI in cranial surgery, 
describing the MFI characteristics of various brain tumors and 
proposing that MFI could be used to differentiate tumors from 
peritumoral tissues. In 2023, the same team26 applied MFI in 20 
patients diagnosed with brain tumors. Their findings revealed that 
when MFI was performed alone, it was difficult to clearly visualize 
blood flow in numerous small vessels; however, after the admin-
istration of a contrast agent, repeated MFI examinations achieved 
clear visualization. Consequently, they concluded that contrast 
agent injection enhances the imaging performance of MFI, ena-
bling clear depiction of tumor microvascular architecture, and that 
analysis of vessel density and contrast agent arrival time allows 
assessment of tumor blood supply characteristics.

In 2024, Cai et al.22 demonstrated that SMI significantly outper-
formed grayscale ultrasound in improving the delineation of HGG 
boundaries (P = 0.033). This study directly compared the clinical 
value of CDFI and SMI, confirming the advantages of SMI as an 
advanced technology over CDFI. In 2025, Dixon et al.27 employed 
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SMI to acquire tumor microvascular images and conducted both 
qualitative and quantitative analyses, concluding that HGG exhib-
its greater vascular complexity and disorganization, thereby es-
tablishing SMI as a novel intraoperative real-time tool for glioma 
grading.

Currently, MFI still presents several limitations, including re-
stricted visualization of deep-seated lesions and a lack of stand-
ardized quantitative parameters.4 Future applications in cranial 
surgery are expected to involve its combination with functional 
techniques such as CEUS to provide surgeons with more compre-
hensive information.

Navigated IOUS integrates ultrasound probes with neuronavi-
gation systems to achieve real-time imaging during surgery, which 
can be compared with preoperative MRI. This approach effec-
tively addresses the localization challenges posed by brain shift 
that affect conventional ultrasound. This technology combines the 
real-time convenience of ultrasound with the spatial localization 
advantages of navigation.28,29 In 2025, a study by Cepeda et al.30 
validated a deep-learning model for glioma segmentation on 2D 
IOUS images from 197 patients. Concurrently, the team employed 
the YOLO11 architecture on 1,732 IOUS images,31 achieving out-
standing performance, where the mean average precision at an 
IoU threshold of 0.50 (mAP@50) was 0.95, and the mAP aver-
aged across IoU thresholds from 0.50 to 0.95 (mAP@50-95) was 
0.65 at a processing speed of 34 frames per second. Neurosurgeons 
confirmed that the system integrated seamlessly into the surgical 
workflow, providing real-time, accurate prediction and delineation 
of tumor regions. These findings validate the clinical feasibility of 
AI-assisted IOUS. Vahdani et al.32 proposed a novel deep learning 
architecture named U-ConvNext, specifically designed for IOUS 
segmentation of LGGs. This study was the first to introduce un-
certainty quantification into IOUS segmentation, providing a re-
liability assessment for AI-assisted decision-making and holding 
significant clinical translational value. Zeineldin et al.33 developed 
NeuroIGN, an open-source, multimodal, explainable AI neuronav-
igation system that seamlessly fuses preoperative MRI with real-
time IOUS, offering intuitive decision support for intraoperative 
navigation. The advancement of navigated IOUS and AI signifies 
the transition of IOUS from an auxiliary localization tool to a mul-
tifunctional intraoperative navigation platform. It is anticipated 
that soon this technology will become a cost-effective and precise 
intraoperative guidance tool in precision neurosurgery.

Despite the promising performance of YOLO11,31 U-Con-
vNext,32 and NeuroIGN in IOUS image analysis,33 several barriers 
hinder their clinical adoption, namely the scarcity of large-scale, 
standardized, multicenter annotated datasets, limited cross-device 
and cross-scenario generalizability, and high computational re-
quirements for real-time processing.4,31

CEUS
CEUS involves intravenous administration of ultrasound contrast 
agents (primarily gas-filled phospholipid microbubbles, such as 
those containing sulfur hexafluoride and perflutren lipid micro-
spheres), which significantly enhances blood contrast and enables 
dynamic visualization of tumor microvascular kinetics.7,34 These 
microbubbles exhibit excellent biocompatibility, remain confined 
to the vascular space without extravasation, undergo no metabo-
lism in vivo, and are eliminated via the pulmonary circulation, of-
fering a high safety profile with no nephrotoxicity or hepatotoxic-
ity.35 Absolute contraindications include known hypersensitivity to 
sulfur hexafluoride or perflutren components. Caution is advised 
in patients with severe cardiopulmonary disease or the presence of 

right-to-left shunts, as microbubbles may enter the systemic cir-
culation.35 The underlying principle is that microbubbles undergo 
nonlinear oscillation under ultrasound exposure, generating har-
monic signals that facilitate high-contrast, high-resolution imaging 
under low mechanical index conditions.34 Consequently, CEUS 
provides clear visualization of intravascular blood flow distribu-
tion, unaffected by scanning angle, and enables real-time dynamic 
display of comprehensive vascular information within brain tumor 
tissues, including anatomical details, tumor perfusion characteris-
tics, and adjacent vessel information, thereby assisting surgeons in 
intraoperative tumor boundary assessment and tumor grading.5,35

In clinical practice, administration and dosage typically consist 
of an intravenous bolus injection of 1.2–2.4 mL of contrast agent, 
followed by a 5–10 mL saline flush. Repeat administrations (usu-
ally 2–3 times) are safe.35 For perfusion analysis, continuous infu-
sion is recommended.35 CEUS imaging should be performed at 
three key time points: (1) after dural opening (baseline), (2) during 
resection (residual tumor detection), and (3) after resection (final 
check). Each acquisition should last 60–120 seconds to capture the 
arterial phase (10–30 s), parenchymal phase (30–60 s), and ve-
nous phase (60–120 s).4,35 A low mechanical index (<0.2) should 
be used to preserve microbubble integrity.35 Figure 1 provides a 
schematic overview of the intraoperative CEUS operational steps 
and key parameters.4,35

The application of CEUS in cranial settings dates to 1993, when 
Bogdahn first utilized it for cerebral vascular examination.36 To 
date, CEUS has achieved significant advancements in cranial sur-
gery, diagnostics, and therapeutics,37 with applications including 
glioma grading,38 brain tumor surgery,3 diagnosis and evaluation 
of cerebrovascular diseases,39,40 and even microbubble-mediated 
enhancement of targeted therapeutic efficacy.41,42 In brain tumor 
surgery, CEUS has been employed to differentiate residual lesions, 
protect vascular structures, and distinguish tumor boundaries from 
peritumoral edema.2

The study by Wang et al.16 demonstrated that CEUS exhibited 
the highest diagnostic concordance with MRI, outperforming B-
mode ultrasound, MFI, and SWE, strongly supporting CEUS as 
the preferred technique for intraoperative assessment of residual 
lesions. CEUS enhancement patterns correlate with tumor pa-
thology and angiogenic characteristics. Cheng et al.38 confirmed 
that HGGs typically display rapid, heterogeneous “ring-like” en-
hancement with non-enhancing central necrotic areas and highly 
enhancing peripheral viable tumor tissue, reflecting pathological 
features of dense microvasculature at the tumor periphery and cen-
tral ischemia-necrosis. LGGs manifest as slow, homogeneous, or 
mild enhancement, with some tumors exhibiting no enhancement 
due to low microvascular density, suggesting that CEUS may have 
limitations in LGG identification and that multimodal imaging ap-
proaches are necessary. Meningiomas, as highly vascular tumors, 
commonly exhibit homogeneous, marked enhancement on CEUS, 
with sharp tumor–brain interfaces.5 CEUS features of metastatic 
tumors are influenced by the vascular characteristics of their pri-
maries, with most hypervascular metastases demonstrating rapid, 
marked enhancement and relatively well-defined margins.43

Notably, ultrasound contrast microbubbles remain intravascular 
and do not ordinarily extravasate into brain parenchyma; therefore, 
CEUS enhancement in brain tumors mainly reflects abnormal tu-
mor microvascularity and perfusion rather than direct microbub-
ble entry into the parenchyma.35,38 Furthermore, microbubbles can 
serve as therapeutic vehicles; upon ultrasound triggering, they can 
transiently open the BBB, facilitating targeted delivery of chemo-
therapeutic agents, antibodies, and immunomodulators, thereby 
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enabling theranostic integration.35,41,42 Thus, CEUS not only ad-
dresses the limitations of conventional IOUS in perfusion quanti-
fication and boundary identification but also expands its potential 
for precision therapeutic applications. From a clinical workflow 
perspective, CEUS requires no additional hardware beyond stand-
ard ultrasound equipment, apart from the intravenous administra-

tion of a contrast agent. This low-barrier adoption, combined with 
its real-time imaging capability, positions CEUS for widespread 
integration into neurosurgical practice.

In summary, conventional ultrasound offers multiple advan-
tages in brain tumor surgery, including ease of operation, low cost, 
and excellent repeatability. However, it exhibits significant limi-

Fig. 1. Intraoperative CEUS protocol for brain tumor surgery. Standard intraoperative CEUS workflow for brain tumor resection. A mechanical index below 
0.2 is applied to protect microbubbles. Contrast medium is injected intravenously as a 1.2–2.4 mL bolus, followed by 5–10 mL saline flushing; 2–3 repeated 
injections are clinically safe. Imaging is acquired at three critical surgical stages: baseline scanning after dural opening, residual tumor identification during 
resection, and final verification after lesion removal. Each 60–120 s scan covers arterial (10–30 s), parenchymal (30–60 s), and venous (60–120 s) perfusion 
phases. Continuous infusion is preferred for quantitative perfusion evaluation. Data are derived from published literature.4,35 CEUS, contrast-enhanced 
ultrasound.
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tations in identifying residual tumors, delineating vascular struc-
tures, distinguishing tumor boundaries from peritumoral edema, 
and assessing the completeness of postoperative resection, particu-
larly when tumor echogenicity differences are subtle, which may 
lead to missed residual lesions.6 Furthermore, conventional gray-
scale ultrasound cannot accurately assess tumor microcirculatory 
perfusion status, creating an information gap for IOUS-guided pre-
cise resection.4,7 CEUS precisely fills this gap. By intravenously 
administering pure blood-pool microbubble contrast agents, CEUS 
enables dynamic visualization of tumor microvascular perfusion 
patterns.7,35 Compared with surrounding normal brain tissue and 
peritumoral edema, glioma tissue generally shows stronger en-
hancement on intraoperative CEUS, with HGGs demonstrating 
earlier enhancement than adjacent edema and normal brain tis-
sue.38 This functional contrast makes CEUS a valuable tool for 
identifying viable tumor boundaries and residual lesions, thereby 
complementing the structural imaging provided by conventional 
IOUS (Table 1).2–4,13,15–17,21,35,38

Clinical synergy of IOUS and CEUS

Applications of IOUS and CEUS in different brain tumor 
subgroups
Brain tumor subgroups, including pediatric brain tumors, brain 
metastases, and skull base lesions, demonstrate divergent patho-
logical and anatomical characteristics, necessitating tailored IOUS 
and CEUS strategies to optimize resection accuracy and functional 
preservation.

Pediatric LGGs represent the most common brain tumors in 
children. However, their echogenicity differences from normal 
brain tissue are often indistinct, posing challenges for intraop-
erative boundary identification. Mattei et al.44 demonstrated that 
both B-mode ultrasound and CEUS facilitate delineation of LGG 
boundaries and characterization of tumor vascularity, thereby en-
hancing the safety of radical resection. A study encompassing 45 
pediatric supratentorial lesions reported that IOUS ensures reli-
able real-time imaging during surgery for space-occupying brain 
lesions.45 Preoperative IOUS enabled accurate lesion localiza-

tion; in deeply seated lesions, the addition of CEUS improved 
visualization of tumor vascular patterns and assisted in surgical 
route planning. Notably, approximately 30% of cases prompted a 
change in surgical strategy due to the intraoperative detection of 
residual tumor. A further study in 2024 confirmed that navigated 
IOUS achieves a sensitivity of 100% and a specificity of 84.6% 
for detecting residual tumor, demonstrating reliable accuracy 
compared with intraoperative magnetic resonance imaging (Table 
2).2–5,7,16,19,21,29,35,38,44,46

Brain metastases represent the most common intracranial tu-
mors in adults, and the surgical goal is to achieve gross total resec-
tion (GTR) to improve survival outcomes. Cheng et al.43 observed 
that on conventional ultrasound, metastatic tumors frequently pre-
sented with well-defined margins (32/46, 69.6%), hypervascular-
ity (35/46, 76.1%), and severe peritumoral edema (33/46, 71.7%). 
During CEUS, brain metastases typically exhibit a “rapid, hetero-
geneous, high-enhancement” pattern with delayed washout, and 
CEUS can assist in delineating tumor boundaries. A 2025 study 
further quantified the value of IOUS.47 In this study, 80% of IOUS-
guided cases achieved a GTR rate of >96%, which was signifi-
cantly higher than that of the conventional neuronavigation group 
(42.86%, P = 0.008). IOUS significantly increased the odds of 
achieving GTR (odds ratio [OR] = 5.33, P = 0.011). Larger tumor 
volume reduced the likelihood of GTR (OR = 0.469, P = 0.025).

Skull base tumors pose a major surgical challenge due to their 
proximity to critical vessels and nerves, making intraoperative 
identification and preservation of vascular structures paramount. 
Prada et al.5 applied navigated CEUS in 18 patients with skull base 
tumors (including 10 meningiomas, 3 craniopharyngiomas, 2 gi-
ant pituitary adenomas, 1 posterior fossa epidermoid cyst, and 2 
dermoid cysts).

This technique enables comprehensive visualization of both 
high- and low-flow vessels, clearly delineating the three-dimen-
sional spatial relationship between tumors and major neurovascular 
structures. Such detailed vascular depiction facilitates avoidance 
of perforating arteries and effectively reduces the risk of intraop-
erative vascular injury. This subtype-specific multimodal imaging 
strategy compensates for the inherent diagnostic limitations of 
single-modality ultrasound, greatly improving the individualized 

Table 1.  Comparison of advantages and limitations of different intraoperative ultrasound modalities in brain tumor surgery

Modality Imaging principle Key advantages Major limitations Refs

Conventional 
IOUS

Structural imaging based 
on differences in acoustic 
impedance between tissues

Real-time, convenient, low-
cost; Accurate localization 
and puncture guidance

Boundary interpretation 
is subjective and echo-
dependent; Unable to assess 
microcirculatory perfusion

2,4

CEUS Pure blood pool imaging 
utilizing nonlinear harmonic 
signals of microbubbles under 
low acoustic pressure

Functional imaging: visualizes 
tumor microcirculatory perfusion; 
Accurately delineates viable tumor 
boundaries and residual lesions

Requires intravenous contrast 
agent injection; LGG may 
show iso-enhancement

2,16, 
35,38

SMI Adaptive algorithm suppresses 
tissue motion artifacts to 
visualize slow blood flow

Contrast-agent-free visualization 
of microvascular architecture; 
Improves HGG boundary delineation

Reduced resolution for deep-
seated lesions; Unable to 
provide perfusion information

3,4,21

SWE Quantitatively calculates tissue 
stiffness (Young’s modulus) by 
measuring shear wave velocity

Provides objective quantitative 
stiffness values; Assists in 
tumor grading and infiltrative 
zone assessment

Susceptible to intraoperative 
interference (e.g., electrocautery); 
Lacks standardized 
universal cutoff values

4,13, 
15,17

IOUS, intraoperative ultrasound; CEUS, contrast-enhanced ultrasound; LGG, low-grade glioma; SMI, superb microvascular imaging; HGG, high-grade glioma; SWE, shear wave 
elastography.
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precision of neurosurgical resection. It provides robust real-time 
intraoperative guidance for maximizing the extent of tumor resec-
tion while preserving critical neurological functions across diverse 
brain tumor populations.

Real-time image-guided precise resection: Complementarity of 
conventional IOUS and CEUS
Achieving maximal safe resection is a critical goal for improv-
ing patient outcomes in brain tumor surgery. IOUS, as a real-time, 
radiation-free, and cost-effective imaging modality, has been 
widely employed to assist intraoperative localization and bound-
ary delineation of brain tumors.2 CEUS not only enhances contrast 
between tumors and normal brain tissue but also provides informa-
tion on tumor angiogenesis, thereby supporting more precise re-
section decisions.2 On CEUS, tumors typically exhibit early rapid 
enhancement and rapid washout, whereas surrounding edematous 
brain tissue, characterized by an intact BBB and low microvascu-
lar density, often shows no enhancement or delayed low enhance-
ment.16 This difference in perfusion enables CEUS to accurately 
delineate tumor boundaries, with its accuracy in assessing residual 
lesions demonstrating high concordance with postoperative MRI 
(Kappa = 0.892).16

In clinical practice, conventional IOUS and CEUS form a 
strong complementary relationship: IOUS provides real-time ana-
tomical localization and surgical pathway planning, while CEUS 
provides information on tumor blood supply and perfusion bound-
aries. Their combined application enables multidimensional tumor 
assessment. The study by Wang et al.16 demonstrated that the GTR 
rate under CEUS guidance reached 82%, significantly higher than 

that of the conventional IOUS group (48%). Furthermore, CEUS 
allows intraoperative real-time assessment of tumor angiogenic 
activity and pathological grading through quantitative parameters 
(peak intensity, time to peak) and their correlation with microves-
sel density (r = 0.78, P < 0.001).38,46 For HGGs, the ring-enhanc-
ing region visualized by CEUS accurately delineates the boundary 
of viable tumor tissue, guiding surgeons to achieve maximal resec-
tion while preserving critical functional areas.5,46

Moreover, the complementary application of conventional 
IOUS and CEUS enables real-time navigation during intracranial 
tumor resection and can be further integrated with AI. Combined 
with preoperative MRI data, this approach helps mitigate intraop-
erative brain shift and enhances surgical precision.28,29 Artificial 
intelligence-assisted image interpretation, capable of automati-
cally delineating tumor boundaries,32,33 is advancing neurosurgical 
procedures toward greater precision and safety.

Identification of residual tumor tissue
Timely identification of residual lesions during tumor resection is 
crucial for improving the GTR rate. Studies have shown that in 
newly diagnosed isocitrate dehydrogenase (IDH)-wildtype glio-
blastoma, extensive resection of non-enhancing tumor is associ-
ated with better survival outcomes, with smaller postoperative re-
sidual volumes correlating with reduced mortality risk.48 Although 
conventional grayscale ultrasound provides real-time structural 
information, its ability to detect small residual lesions is limited, 
particularly when echogenicity differences are subtle, which may 
lead to missed residual tumors.2

Leveraging its high sensitivity to microcirculatory perfusion, 

Table 2.  Intraoperative ultrasound blind spots, CEUS advantages, and synergistic value in brain tumor surgery

Clinical challenge IOUS blind spots CEUS core advantages Synergistic value Refs

Tumor boundary 
delineation

Dependent on tissue echogenicity 
differences; Poor delineation in 
isoechoic lesions or peritumoral edema; 
Unable to distinguish infiltrative 
tumor from peritumoral edema

Pure blood pool imaging: 
rapid tumor enhancement vs. 
no/delayed enhancement in 
edema; Highest concordance 
with MRI (Kappa = 0.892)

IOUS identifies suspicious 
areas; CEUS confirms 
true boundaries

2,4,5,16,44

Residual tumor 
detection

Low sensitivity for small residuals; 
Postoperative artifacts may 
mimic residual tumor

Abnormal enhancement 
at resection cavity margins 
suggesting abnormal 
microvascular perfusion; 
Sensitivity 77.78%, 
specificity 100%

CEUS provides real-time 
confirmation of residuals, 
guiding further resection 
(GTR: 82% vs. 48%)

2,16

Vascular 
structure 
identification

CDFI is angle-dependent; Low 
sensitivity to slow blood flow; Unable 
to visualize microvasculature

Angle-independent; 
Clearly depicts feeding 
arteries, draining veins, and 
perforating vessels (SMI 
visualizes microvessels)

IOUS plans surgical 
approach; CEUS 
identifies critical vessels, 
avoiding injury

3,4,19,21

Tumor vs. edema 
differentiation

Both tumor and edema appear 
hyperechoic; Infiltrative margin 
indistinguishable from edema

Tumor: early rapid 
enhancement, late rapid 
washout; Edema: no 
enhancement (intact 
BBB, low MVD)

CEUS clearly distinguishes 
tumor (enhanced) from 
edema (non-enhanced), 
defining safe boundaries

2,4,7,35,38

Functional area 
perfusion

No real-time perfusion information; 
Unable to assess microcirculatory status

TIC parameters such as PI, 
TTP, and AUC reflect tumor 
perfusion characteristics

CEUS provides 
supplementary 
perfusion information 
for surgical planning

2,35,46

AUC, area under the curve; BBB, blood–brain barrier; CDFI, color Doppler flow imaging; CEUS, contrast-enhanced ultrasound; GTR, gross total resection; IOUS, intraoperative 
ultrasound; MRI, magnetic resonance imaging; MVD, microvessel density; PI, peak intensity; SMI, superb microvascular imaging; TIC, time–intensity curve; TTP, time to peak.
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CEUS enables immediate postoperative assessment of whether ab-
normal enhancement areas exist at the resection cavity margins; 
such areas often indicate the presence of residual tumor tissue. 
Because ultrasound contrast agent microbubbles remain confined 
to the vascular lumen without extravasating into normal brain pa-
renchyma, abnormal enhancement at the resection cavity margin 
may indicate residual viable tumor tissue with abnormal microvas-
cular perfusion, but it should be interpreted together with tumor 
morphology and the surgical context.2,16,35 In contrast, necrotic or 
cystic areas and surrounding edematous brain tissue usually show 
absent, lower, or delayed enhancement compared with viable tu-
mor tissue; CEUS can also help distinguish residual tumor from 
surgically induced artifacts.7,38 This unique characteristic gives 
CEUS a distinct advantage in distinguishing postoperative reac-
tive changes from true residual tumors.

The study by Wang et al.16 directly compared the efficacy of 
two-dimensional ultrasound, MFI, CEUS, and SWE in assessing 
the extent of brain tumor resection. The results showed that CEUS 
exhibited the highest diagnostic concordance with MRI (Kappa = 
0.892) and outperformed other ultrasound techniques in detecting 
residual lesions. The study concluded that CEUS is the preferred 
technique for intraoperative assessment of residual tumors.

SMI also plays a role in residual tumor identification. The study 
by Ishikawa et al.26 combined contrast-enhanced SMI with CEUS 
and found that analyzing vessel density and contrast agent arrival 
time enabled a more comprehensive assessment of tumor blood 
supply status, aiding in the identification of residual lesions (Table 
3).16,22,49

Vascular structure identification and hemodynamic monitoring 
of functional areas: From structural preservation to functional 
conservation
In brain tumor surgery, real-time intraoperative assessment of the 
anatomical relationships among tumor feeding arteries, draining 
veins, and adjacent perforating vessels, as well as the planning 
of safe resection pathways and intraoperative bleeding control, 
significantly impacts surgical prognosis. CDFI, as a fundamental 
blood flow imaging technique, can visualize the direction and ve-
locity of blood flow in larger vessels, assisting surgeons in identi-
fying major feeding arteries and draining veins.19 However, CDFI 
has low sensitivity to low-velocity blood flow and exhibits strong 
angle dependence, limiting its ability to visualize microvascular 
structures and thereby restricting its application in fine vascular 
identification.4 The advent of SMI has addressed the limitations 
of CDFI, enabling clear visualization of microvessels as small as 

0.1–0.2 mm in diameter, and has been effectively applied in HGG 
surgery.22 Intraoperative CEUS further enhances vascular identifi-
cation. By dynamically displaying tumor blood perfusion through 
microbubble contrast agents, CEUS can clearly differentiate feed-
ing arteries, draining veins, and normal perforating vessels, play-
ing a crucial role in intraoperative vascular localization for hyper-
vascular tumors such as meningiomas.5,46

Future synergistic use of CDFI, SMI, and CEUS may provide 
complementary vascular information from macrovascular to mi-
crovascular levels.3 Together with AI-assisted tumor or tissue 
boundary delineation and ultrasound-based vascular identifica-
tion,5,31 this strategy may provide dual support for achieving maxi-
mal safe resection.

Differential diagnosis of tumor boundaries and peritumoral 
edema zones
Accurate differentiation between tumor parenchyma and surround-
ing vasogenic edema represents a key challenge in brain tumor 
surgery. Tumor cells often infiltrate surrounding brain tissue along 
white matter tracts, forming transitional zones mixed with edema. 
Conventional grayscale ultrasound struggles to distinguish these 
regions, as both tumor tissue and edematous brain tissue may ap-
pear hyperechoic. In addition, surgical manipulation and bleeding 
can further increase the echogenicity of peritumoral tissue, mak-
ing it difficult to differentiate tumor invasion using conventional 
ultrasound.2,4 This can lead neurosurgeons to either under-resect 
(leaving residual infiltrating tumor) or over-resect (removing nor-
mal functional brain tissue), thereby affecting patient prognosis.48

CEUS facilitates the identification of tumor boundaries and 
peritumoral edema zones by visualizing microvessel density 
and perfusion patterns.35 The key differentiating features are as 
follows: tumor tissue exhibits early rapid enhancement and late 
rapid washout, whereas edematous zones, due to an intact BBB 
and low microvascular density, show no enhancement or delayed 
low enhancement.16,35 Therefore, combining IOUS with CEUS 
aids in delineating tumor margins.7,38 Studies have shown that 
the intraoperative application of CEUS in glioma surgery enables 
delineation of tumor boundaries and further differentiation be-
tween tumor tissue and brain edema.7 The study by Cheng et al.38 
also demonstrated that cranial CEUS could distinguish between 
tumor and edema and effectively detect postoperative residual 
tumor. The 2017 EFSUMB CEUS guidelines detail the clinical 
standards for non-hepatic applications, including urological, vas-
cular, and intracranial intraoperative use indications. Thanks to 
its superior blood-pool imaging and safety profile, CEUS has 

Table 3.  Diagnostic performance of different intraoperative ultrasound modalities for residual tumor detection and boundary delineation in brain tumor 
surgery

Modality Primary application Key finding Quantitative metric Ref

CEUS Residual tumor 
detection

Highest diagnostic concordance with 
MRI among all ultrasound techniques

Kappa = 0.892; Sensitivity: 
77.8%; Specificity: 100.0%

Wang et al., 
202516

Conventional 
IOUS

Residual tumor 
detection

Comparable diagnostic accuracy 
to SWE, inferior to CEUS

Kappa = 0.717 Wang et al., 
202516

SMI HGG boundary 
delineation

Significantly superior to grayscale 
ultrasound in delineating HGG boundaries

P = 0.033 Cai et al., 202422

SWE Tumor grading / 
boundary assessment

Provides objective stiffness parameters 
to differentiate LGG from HGG

AUC = 0.855; Sensitivity: 
88.9%; Specificity: 86.7%

Cai et al., 202549

CEUS, contrast-enhanced ultrasound; MRI, magnetic resonance imaging; IOUS, intraoperative ultrasound; SMI, superb microvascular imaging; HGG, high-grade glioma; SWE, shear 
wave elastography; LGG, low-grade glioma; AUC, area under the curve.
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also been adopted in neurosurgery to support intraoperative de-
cision-making.35,50

SMI also holds significant value in differential diagnosis. The 
study by Cai et al.22 showed that SMI significantly outperformed 
grayscale ultrasound in improving the delineation of HGG bound-
aries, and the microvascular architecture visualized by SMI can 
help distinguish the tumor core from surrounding edematous areas. 
For LGGs, SMI can reveal sparse microvascular structures within 
the tumor, whereas edematous zones typically show no distinct 
blood flow signals.26

Ultrasound elastography provides complementary information 
from the perspective of tissue stiffness. Tumor tissue, character-
ized by high cellular density and fibrosis, typically exhibits signifi-
cantly higher stiffness than edematous brain tissue.13,15 Cepeda et 
al.17 demonstrated that strain elastography can clearly visualize the 
stiffness transition zone between tumor and edematous tissue, with 
significant differences in mean tissue elasticity values among dif-
ferent pathological types (P < 0.001). SWE enables further quan-
titative analysis, providing Young’s modulus values and thereby 
enhancing the objectivity of differential diagnosis.13,15

Collectively, the synergistic combination of IOUS and CEUS 
serves as a core pillar for accurate differentiation of tumor infil-
tration and peritumoral edema, with auxiliary support from SMI 
and ultrasound elastography. By complementing the limitations of 
conventional single-modality IOUS, this dual-modality synergis-
tic strategy integrates vascular perfusion characteristics and mor-
phological details to eliminate diagnostic ambiguity in boundary 
identification. It thus provides a robust and practical intraoperative 
imaging solution for precisely distinguishing tumor lesions from 
edematous tissue.

Long-term outcomes: From GTR to survival benefit
Although GTR is the core metric of intraoperative efficacy, its 
ultimate value lies in translating into long-term patient survival. 
Chen et al.51 demonstrated in a survival analysis of 64 malignant 
gliomas that the intraoperative CEUS group achieved significantly 
superior overall survival (OS) and progression-free survival (PFS), 
with multivariate analysis confirming intraoperative CEUS-guided 
surgery as an independent prognostic factor for both OS and PFS 
(P < 0.05). A 2026 meta-analysis reported that the GTR rate un-
der CEUS guidance was significantly higher than that of the non-
CEUS group (OR = 5.37).52 Given that GTR has been consistently 
confirmed as an important predictor of survival, the survival ben-
efit of CEUS follows a clear mechanistic logic: precise delineation 
of infiltrative margins enables complete tumor burden removal, 
which in turn delays recurrence and ultimately prolongs survival. 
These findings suggest that CEUS-guided surgery may improve 
tumor visualization, resection outcomes, and survival, although its 
effects on postoperative neurological function and quality of life 
require further validation.51,52

Collectively, these findings support the translational potential 
of IOUS–CEUS synergy and suggest that improved intraopera-
tive visualization may contribute to better long-term outcomes, 
although further prospective validation is needed.

Future perspectives
Despite the proven value of IOUS and CEUS in brain tumor sur-
gery, current studies lack sufficient solutions to address specific 
clinical challenges. Future research should therefore focus on the 
following priority directions.

Targeted design of miniaturized high-resolution probes for 

deep-seated lesions
Benson et al.53 developed a miniaturized, high-resolution, 

trackable ultrasound imaging endoscope as a novel intraoperative 
imaging adjunct. This probe achieves axial and lateral resolutions 
of 38 µm and 113 µm, respectively. During tumor resection, it can 
differentiate neoplastic tissue from healthy parenchyma and detect 
residual tumors that would otherwise be missed under convention-
al surgical guidance. When the integrated system was tested in a 
brain phantom, the tumor boundaries identified by navigated MRI 
and ultrasound imaging demonstrated excellent concordance.

In LGGs, due to the relatively intact BBB, CEUS often demon-
strates iso-enhancement or weak enhancement, making it difficult 
to delineate tumor infiltrative boundaries using a single modal-
ity.38 SWE can provide complementary information through tissue 
stiffness parameters. Using a Young’s modulus threshold of 13.90 
kPa, the sensitivity and specificity for differentiating HGGs were 
88.9% and 86.7%, respectively, with an area under the curve of 
0.855 (95% confidence interval: 0.741–0.968, P = 0.001). In this 
study, the Young’s modulus values of LGGs and HGGs were 23.4 
± 11.6 kPa and 12.1 ± 13.7 kPa, respectively, demonstrating a sta-
tistically significant difference (P = 0.005).49 Future efforts may 
be directed toward establishing a fusion scoring model integrat-
ing CEUS perfusion parameters and SWE stiffness parameters to 
predict the added value of this multimodal approach in delineating 
LGG boundaries.7

Furthermore, multicenter prospective registry studies should 
establish standardized data acquisition protocols, unify ultrasound 
parameters, contrast agent regimens, and outcome measures, and 
conduct large-scale prospective cohort studies to validate the clini-
cal value of CEUS/IOUS across different tumor subgroups. Long-
term outcome studies should use OS, PFS, and neurological func-
tion preservation as primary endpoints to clarify the independent 
impact of CEUS-guided surgery on patients’ long-term prognosis. 
Artificial intelligence assistance should focus on developing ex-
plainable deep learning models capable of real-time intraoperative 
tumor boundary delineation, residual tumor detection, and perfu-
sion parameter quantification, thereby reducing operator depend-
ency.31,32

These future directions directly address the current limitations 
of IOUS–CEUS imaging. By advancing equipment, multimodal 
data fusion, and AI, the synergistic potential of this dual-modality 
strategy will be fully realized, paving the way for its standardized 
and intelligent application in precision neurosurgery.

Limitations
Several limitations of this narrative review should be acknowl-
edged. First, unlike a systematic review, this work did not imple-
ment exhaustive literature retrieval, which may introduce selection 
bias. Second, most available evidence summarized herein origi-
nates from single-center studies with limited sample sizes, thereby 
restricting the generalizability of our conclusions. Third, marked 
heterogeneity exists across included studies with respect to ultra-
sound devices, contrast administration protocols, and outcome as-
sessment metrics, making quantitative comparative analysis infea-
sible. Fourth, given the rapid iterative advancement of AI-assisted 
ultrasound techniques, several newly developed applications were 
not comprehensively covered in this review. Lastly, although 
we described the synergistic advantages of combined IOUS and 
CEUS, the supporting evidence to date remains preliminary, and 
large-scale prospective randomized controlled trials are still lack-
ing for further validation.
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Conclusions
Conventional IOUS offers real-time, low-cost imaging for brain 
tumor surgery but has limitations in boundary delineation, perfu-
sion assessment, and residual tumor detection. The integration of 
CEUS addresses these gaps by visualizing tumor vascularization 
and infiltrative margins. The synergistic use of IOUS and CEUS 
provides surgeons with precise, real-time decision support for tu-
mor resection, residual tumor identification, vascular preservation, 
and boundary differentiation from peritumoral edema.

Acknowledgments
None.

Funding
None.

Conflict of interest
The authors declare that they have no conflicts of interest.

Author contributions
Literature search and summarization (YZ, JL, DM), writing and 
preparation of the original draft (YH, DZ), review and editing of 
the manuscript (YH, YZ, JL). All authors made significant contri-
butions to this study and have read and approved the final manu-
script.

References
[1]	 Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal 

A, et al. Global Cancer Statistics 2020: GLOBOCAN Estimates of Inci-
dence and Mortality Worldwide for 36 Cancers in 185 Countries. CA 
Cancer J Clin 2021;71(3):209–249. doi:10.3322/caac.21660, PMID: 
33538338.

[2]	 Dixon L, Lim A, Grech-Sollars M, Nandi D, Camp S. Intraoperative 
ultrasound in brain tumor surgery: A review and implementation 
guide. Neurosurg Rev 2022;45(4):2503–2515. doi:10.1007/s10143-
022-01778-4, PMID:35353266.

[3]	 Giammalva GR, Ferini G, Musso S, Salvaggio G, Pino MA, Gerardi RM, 
et al. Intraoperative Ultrasound: Emerging Technology and Novel 
Applications in Brain Tumor Surgery. Front Oncol 2022;12:818446. 
doi:10.3389/fonc.2022.818446, PMID:35178348.

[4]	 Šteňo A, Buvala J, Babková V, Kiss A, Toma D, Lysak A. Current Limi-
tations of Intraoperative Ultrasound in Brain Tumor Surgery. Front 
Oncol 2021;11:659048. doi:10.3389/fonc.2021.659048, PMID:338 
28994.

[5]	 Prada F, Del Bene M, Moiraghi A, Casali C, Legnani FG, Saladino 
A, et al. From Grey Scale B-Mode to Elastosonography: Multi-
modal Ultrasound Imaging in Meningioma Surgery-Pictorial Es-
say and Literature Review. Biomed Res Int 2015;2015:925729. 
doi:10.1155/2015/925729, PMID:26101779.

[6]	 Bailey D, Zacharia BE. Intraoperative imaging techniques to im-
prove tumor detection in the surgical management of gliomas. Adv 
Cancer Res 2025;166:103–135. doi:10.1016/bs.acr.2025.05.001, 
PMID:40675684.

[7]	 Del Bene M, Perin A, Casali C, Legnani F, Saladino A, Mattei L, et al. 
Advanced Ultrasound Imaging in Glioma Surgery: Beyond Gray-Scale 
B-mode. Front Oncol 2018;8:576. doi:10.3389/fonc.2018.00576, 
PMID:30560090.

[8]	 Zhang X, Ding H. Clinical application progress of contrast-enhanced 
ultrasound in intracranial surgery (in Chinese). Chinese Journal  
of Neuromedicine 2022;21(7):740–743. doi:10.3760/cma.j.cn115354- 

20220312-00133.
[9]	 Voutouri C, Mpekris F, Panagi M, Krolak C, Michael C, Martin JD, et 

al. Ultrasound stiffness and perfusion markers correlate with tumor 
volume responses to immunotherapy. Acta Biomater 2023;167:121–
134. doi:10.1016/j.actbio.2023.06.007, PMID:37321529.

[10]	 Albakr A, Ben-Israel D, Yang R, Kruger A, Alhothali W, Al Towim A, 
et al. Ultrasound Elastography in Neurosurgery: Current Applications 
and Future Perspectives. World Neurosurg 2023;170:195–205.e1. 
doi:10.1016/j.wneu.2022.10.108, PMID:36336268.

[11]	 Shiina T, Nightingale KR, Palmeri ML, Hall TJ, Bamber JC, Barr RG, 
et al. WFUMB guidelines and recommendations for clinical use of 
ultrasound elastography: Part 1: basic principles and terminology. 
Ultrasound Med Biol 2015;41(5):1126–1147. doi:10.1016/j.ultras-
medbio.2015.03.009, PMID:25805059.

[12]	 Macé E, Cohen I, Montaldo G, Miles R, Fink M, Tanter M. In vivo 
mapping of brain elasticity in small animals using shear wave im-
aging. IEEE Trans Med Imaging 2011;30(3):550–558. doi:10.1109/
TMI.2010.2079940, PMID:20876009.

[13]	 Chan HW, Uff C, Chakraborty A, Dorward N, Bamber JC. Clinical Appli-
cation of Shear Wave Elastography for Assisting Brain Tumor Resec-
tion. Front Oncol 2021;11:619286. doi:10.3389/fonc.2021.619286, 
PMID:33732645.

[14]	 Cepeda S, García-García S, Velasco-Casares M, Fernández-Pérez G, 
Zamora T, Arrese I, et al. Is There a Relationship between the Elastic-
ity of Brain Tumors, Changes in Diffusion Tensor Imaging, and Histo-
logical Findings? A Pilot Study Using Intraoperative Ultrasound Elas-
tography. Brain Sci 2021;11(2):271. doi:10.3390/brainsci11020271, 
PMID:33669989.

[15]	 Chauvet D, Imbault M, Capelle L, Demene C, Mossad M, Karachi C, et 
al. In Vivo Measurement of Brain Tumor Elasticity Using Intraopera-
tive Shear Wave Elastography. Ultraschall Med 2016;37(6):584–590. 
doi:10.1055/s-0034-1399152, PMID:25876221.

[16]	 Wang L, Liu J, Jiang Y, Liang Y, Fang M, Ma W, et al. Comparison of 
different new ultrasonic technologies in resection assessment of 
neurosurgery. Quant Imaging Med Surg 2025;15(5):4146–4155. 
doi:10.21037/qims-24-2271, PMID:40384694.

[17]	 Cepeda S, García-García S, Arrese I, Velasco-Casares M, Sarabia R. 
Advantages and Limitations of Intraoperative Ultrasound Strain 
Elastography Applied in Brain Tumor Surgery: A Single-Center Ex-
perience. Oper Neurosurg 2022;22(5):305–314. doi:10.1227/
ons.0000000000000122, PMID:35438272.

[18]	 Zaed I, Della Pepa GM, Cannizzaro D, Menna G, Cardia A. Applicabil-
ity and efficacy of ultrasound elastography in neurosurgery: a sys-
tematic review of the literature. J Neurosurg Sci 2023;67(6):750–757. 
doi:10.23736/S0390-5616.22.05866-0, PMID:36239425.

[19]	 Anderson T, McDicken WN. The difference between Colour Doppler 
Velocity Imaging and Power Doppler Imaging. Eur J Echocardiogr 
2002;3(3):240–244. doi:10.1053/euje.2002.0150, PMID:12240600.

[20]	 Cepeda S, García-García S, Arrese I, Velasco-Casares M, Sarabia R. 
Relationship between the overall survival in glioblastomas and the 
radiomic features of intraoperative ultrasound: a feasibility study. J 
Ultrasound 2022;25(1):121–128. doi:10.1007/s40477-021-00569-9, 
PMID:33594589.

[21]	 Ishikawa M, Ota Y, Nagai M, Kusaka G, Tanaka Y, Naritaka H. Ultra-
sonography Monitoring with Superb Microvascular Imaging Tech-
nique in Brain Tumor Surgery. World Neurosurg 2017;97:749.e11–
749.e20. doi:10.1016/j.wneu.2016.10.111, PMID:27989976.

[22]	 Cai S, Xing H, Wang Y, Wang Y, Ma W, Jiang Y, et al. Clinical application 
of intraoperative ultrasound superb microvascular imaging in brain 
tumors resections: contributing to the achievement of total tumoral 
resection. BMC Med Imaging 2024;24(1):142. doi:10.1186/s12880-
024-01321-5, PMID:38862900.

[23]	 Ohno Y, Fujimoto T, Shibata Y. A New Era in Diagnostic Ultrasound, 
Superb Microvascular Imaging: Preliminary Results in Pediatric Hepa-
to-Gastrointestinal Disorders. Eur J Pediatr Surg 2017;27(1):20–25. 
doi:10.1055/s-0036-1593381, PMID:27699732.

[24]	 Corvino A, Varelli C, Cocco G, Corvino F, Catalano O. Seeing the 
unseen with superb microvascular imaging: Ultrasound depiction 
of normal dermis vessels. J Clin Ultrasound 2022;50(1):121–127. 
doi:10.1002/jcu.23068, PMID:34761407.

[25]	 Zhang Y, Sun X, Li J, Gao Q, Guo X, Liu JX, et al. The diagnostic value 

https://doi.org/10.14218/NSSS.2026.00005
https://doi.org/10.3322/caac.21660
http://www.ncbi.nlm.nih.gov/pubmed/33538338
https://doi.org/10.1007/s10143-022-01778-4
https://doi.org/10.1007/s10143-022-01778-4
http://www.ncbi.nlm.nih.gov/pubmed/35353266
https://doi.org/10.3389/fonc.2022.818446
http://www.ncbi.nlm.nih.gov/pubmed/35178348
https://doi.org/10.3389/fonc.2021.659048
http://www.ncbi.nlm.nih.gov/pubmed/33828994
http://www.ncbi.nlm.nih.gov/pubmed/33828994
https://doi.org/10.1155/2015/925729
http://www.ncbi.nlm.nih.gov/pubmed/26101779
https://doi.org/10.1016/bs.acr.2025.05.001
http://www.ncbi.nlm.nih.gov/pubmed/40675684
https://doi.org/10.3389/fonc.2018.00576
http://www.ncbi.nlm.nih.gov/pubmed/30560090
https://doi.org/10.3760/cma.j.cn115354-20220312-00133
https://doi.org/10.3760/cma.j.cn115354-20220312-00133
https://doi.org/10.1016/j.actbio.2023.06.007
http://www.ncbi.nlm.nih.gov/pubmed/37321529
https://doi.org/10.1016/j.wneu.2022.10.108
http://www.ncbi.nlm.nih.gov/pubmed/36336268
https://doi.org/10.1016/j.ultrasmedbio.2015.03.009
https://doi.org/10.1016/j.ultrasmedbio.2015.03.009
http://www.ncbi.nlm.nih.gov/pubmed/25805059
https://doi.org/10.1109/TMI.2010.2079940
https://doi.org/10.1109/TMI.2010.2079940
http://www.ncbi.nlm.nih.gov/pubmed/20876009
https://doi.org/10.3389/fonc.2021.619286
http://www.ncbi.nlm.nih.gov/pubmed/33732645
https://doi.org/10.3390/brainsci11020271
http://www.ncbi.nlm.nih.gov/pubmed/33669989
https://doi.org/10.1055/s-0034-1399152
http://www.ncbi.nlm.nih.gov/pubmed/25876221
https://doi.org/10.21037/qims-24-2271
http://www.ncbi.nlm.nih.gov/pubmed/40384694
https://doi.org/10.1227/ons.0000000000000122
https://doi.org/10.1227/ons.0000000000000122
http://www.ncbi.nlm.nih.gov/pubmed/35438272
https://doi.org/10.23736/S0390-5616.22.05866-0
http://www.ncbi.nlm.nih.gov/pubmed/36239425
https://doi.org/10.1053/euje.2002.0150
http://www.ncbi.nlm.nih.gov/pubmed/12240600
https://doi.org/10.1007/s40477-021-00569-9
http://www.ncbi.nlm.nih.gov/pubmed/33594589
https://doi.org/10.1016/j.wneu.2016.10.111
http://www.ncbi.nlm.nih.gov/pubmed/27989976
https://doi.org/10.1186/s12880-024-01321-5
https://doi.org/10.1186/s12880-024-01321-5
http://www.ncbi.nlm.nih.gov/pubmed/38862900
https://doi.org/10.1055/s-0036-1593381
http://www.ncbi.nlm.nih.gov/pubmed/27699732
https://doi.org/10.1002/jcu.23068
http://www.ncbi.nlm.nih.gov/pubmed/34761407


DOI: 10.14218/NSSS.2026.00005  |  Volume 2 Issue 2, June 2026110

He Y. et al: IOUS and CEUS in brain tumor surgeryNeurosurg Subspec

of contrast-enhanced ultrasound and superb microvascular imag-
ing in differentiating benign from malignant solid breast lesions: 
A systematic review and meta-analysis. Clin Hemorheol Microcirc 
2022;81(2):109–121. doi:10.3233/CH-211367, PMID:35180108.

[26]	 Ishikawa M, Masamoto K, Hachiya R, Kagami H, Inaba M, Naritaka 
H, et al. Neurosurgical intraoperative ultrasonography using contrast 
enhanced superb microvascular imaging -vessel density and appear-
ance time of the contrast agent. Br J Neurosurg 2023;37(3):485–494. 
doi:10.1080/02688697.2020.1772958, PMID:32648779.

[27]	 Dixon L, Weld A, Bhagawati D, Patel N, Giannarou S, Grech-Sollars 
M, et al. Intraoperative superb microvascular ultrasound imaging in 
glioma: novel quantitative analysis correlates with tumour grade. 
Acta Neurochir (Wien) 2025;167(1):133. doi:10.1007/s00701-025-
06535-2, PMID:40327144.

[28]	 Rai A, Singh V, Shetty P, Moiyadi AV. Brainshift correction using navi-
gated intraoperative ultrasound informs intraoperative decision-mak-
ing during glioma surgery. Acta Neurochir (Wien) 2025;167(1):124. 
doi:10.1007/s00701-025-06457-z, PMID:40299214.

[29]	 Klein Gunnewiek K, van Baarsen KM, Graus EHM, Brink WM, Lequin 
MH, Hoving EW. Navigated intraoperative ultrasound in pediatric 
brain tumors. Childs Nerv Syst 2024;40(9):2697–2705. doi:10.1007/
s00381-024-06492-8, PMID:38862795.

[30]	 Cepeda S, Esteban-Sinovas O, Singh V, Shetty P, Moiyadi A, Dixon L, 
et al. Deep Learning-Based Glioma Segmentation of 2D Intraopera-
tive Ultrasound Images: A Multicenter Study Using the Brain Tumor 
Intraoperative Ultrasound Database (BraTioUS). Cancers (Basel) 
2025;17(2):315. doi:10.3390/cancers17020315, PMID:39858097.

[31]	 Cepeda S, Esteban-Sinovas O, Romero R, Singh V, Shett P, Moi-
yadi A, et al. Real-time brain tumor detection in intraoperative ul-
trasound: From model training to deployment in the operating 
room. Comput Biol Med 2025;193:110481. doi:10.1016/j.compbi-
omed.2025.110481, PMID:40449046.

[32]	 Vahdani AM, Rahmani M, Pour-Rashidi A, Ahmadian A, Farnia P. U-
ConvNext: A Robust Approach to Glioma Segmentation in Intraop-
erative Ultrasound. J Imaging Inform Med 2026;39(3):2214–2227. 
doi:10.1007/s10278-025-01648-7, PMID:40936019.

[33]	 Zeineldin RA, Karar ME, Burgert O, Mathis-Ullrich F. NeuroIGN: Ex-
plainable Multimodal Image-Guided System for Precise Brain Tumor 
Surgery. J Med Syst 2024;48(1):25. doi:10.1007/s10916-024-02037-
3, PMID:38393660.

[34]	 Xu X, Gong M, Liu X. Theoretical prediction of the scattering of 
spherical bubble clusters under ultrasonic excitation. Ultrason Sono-
chem 2023;94:106308. doi:10.1016/j.ultsonch.2023.106308, PMID: 
36758265.

[35]	 Sidhu PS, Cantisani V, Dietrich CF, Gilja OH, Saftoiu A, Bartels E, et al. 
The EFSUMB Guidelines and Recommendations for the Clinical Prac-
tice of Contrast-Enhanced Ultrasound (CEUS) in Non-Hepatic Appli-
cations: Update 2017 (Long Version). Ultraschall Med 2018;39(2):e2–
e44. doi:10.1055/a-0586-1107, PMID:29510439.

[36]	 Bogdahn U, Becker G, Schlief R, Reddig J, Hassel W. Contrast-en-
hanced transcranial color-coded real-time sonography. Results of 
a phase-two study. Stroke 1993;24(5):676–684. doi:10.1161/01.
str.24.5.676, PMID:8488522.

[37]	 Ren J, Li J, Chen S, Liu Y, Ta D. Unveiling the potential of ultrasound 
in brain imaging: Innovations, challenges, and prospects. Ultrason-
ics 2025;145:107465. doi:10.1016/j.ultras.2024.107465, PMID:393 
05556.

[38]	 Cheng LG, He W, Zhang HX, Song Q, Ning B, Li HZ, et al. Intraopera-
tive Contrast Enhanced Ultrasound Evaluates the Grade of Glioma. 
Biomed Res Int 2016;2016:2643862. doi:10.1155/2016/2643862, 
PMID:27069921.

[39]	 Squires JH, Beluk NH, Lee VK, Yanowitz TD, Gumus S, Subramanian 
S, et al. Feasibility and Safety of Contrast-Enhanced Ultrasound of 
the Neonatal Brain: A Prospective Study Using MRI as the Reference 
Standard. AJR Am J Roentgenol 2022;218(1):152–161. doi:10.2214/

AJR.21.26274, PMID:34286594.
[40]	 Denis L, Meseguer E, Gaudemer A, Jaklh G, Bodard S, Chabouh 

G, et al. Transcranial ultrasound localization microscopy in moy-
amoya patients using a clinical ultrasound system. Theranostics 
2025;15(9):4074–4083. doi:10.7150/thno.105427, PMID:40213679.

[41]	 Li B, Lin Y, Chen G, Cai M, Zhong H, Xiao Z, et al. Anchoring Micro-
bubbles on Cerebrovascular Endothelium as a New Strategy Ena-
bling Low-Energy Ultrasound-Assisted Delivery of Varisized Agents 
Across Blood-Brain Barrier. Adv Sci (Weinh) 2023;10(33):e2302134. 
doi:10.1002/advs.202302134, PMID:37870165.

[42]	 He C, Wu Z, Zhuang M, Li X, Xue S, Xu S, et al. Focused ultrasound-me-
diated blood-brain barrier opening combined with magnetic target-
ing cytomembrane based biomimetic microbubbles for glioblastoma 
therapy. J Nanobiotechnology 2023;21(1):297. doi:10.1186/s12951-
023-02074-z, PMID:37626360.

[43]	 Cheng L, Wang F, Yin L, Zhang L, Kang R, Zhang W, et al. Applica-
tion of Intraoperative Conventional and Contrast-Enhanced Ultra-
sound in Brain Metastases: A Preliminary Study. J Ultrasound Med 
2026;45(1):171–179. doi:10.1002/jum.70047, PMID:41014204.

[44]	 Mattei L, Prada F, Legnani FG, Perin A, Olivi A, DiMeco F. Neurosurgi-
cal tools to extend tumor resection in hemispheric low-grade glio-
mas: conventional and contrast enhanced ultrasonography. Childs 
Nerv Syst 2016;32(10):1907–1914. doi:10.1007/s00381-016-3186-z, 
PMID:27659832.

[45]	 Frassanito P, Stifano V, Bianchi F, Tamburrini G, Massimi L. Enhancing 
the Reliability of Intraoperative Ultrasound in Pediatric Space-Occu-
pying Brain Lesions. Diagnostics (Basel) 2023;13(5):971. doi:10.3390/
diagnostics13050971, PMID:36900115.

[46]	 Wang J, Yang Y, Liu X, Duan Y. Intraoperative contrast-enhanced ul-
trasound for cerebral glioma resection and the relationship between 
microvascular perfusion and microvessel density. Clin Neurol Neuro-
surg 2019;186:105512. doi:10.1016/j.clineuro.2019.105512, PMID: 
31585336.

[47]	 Sirbu OM, Chirtes A, Gorgan MR, Mitrica M. 2D Intraoperative Ul-
trasound in Brain Metastasis Resection: A Matched Cohort Analysis 
from a Single-Center Experience. Cancers (Basel) 2025;17(14):2272. 
doi:10.3390/cancers17142272, PMID:40723156.

[48]	 Karschnia P, Dietrich J, Bruno F, Dono A, Juenger ST, Teske N, et al. 
Surgical management and outcome of newly diagnosed glioblas-
toma without contrast enhancement (low-grade appearance): a re-
port of the RANO resect group. Neuro Oncol 2024;26(1):166–177. 
doi:10.1093/neuonc/noad160, PMID:37665776.

[49]	 Cai S, Xing H, Wang Y, Wang Y, Ma W, Jiang Y, et al. Role of Multipara-
metric Ultrasound in Predicting the IDH Mutation in Gliomas: Insights 
from Intraoperative B-Mode, SWE, and SMI Modalities. J Clin Med 
2025;14(17):6264. doi:10.3390/jcm14176264, PMID:40944023.

[50]	 Valizadeh P, Ghadimi DJ, Jannatdoust P, Dehnavi AZ, Rahmani S, 
Soltani A, et al. Intraoperative Contrast-Enhanced Ultrasonography 
in Pediatric Surgeries: A Review of Techniques, Applications, and 
Outcomes. J Clin Ultrasound 2025;53(9):2130–2144. doi:10.1002/
jcu.24096, PMID:40616173.

[51]	 Chen X, Peng YN, Cheng FL, Cao D, Tao AY, Chen J. Survival Analy-
sis of Patients Undergoing Intraoperative Contrast-enhanced Ul-
trasound in the Surgical Treatment of Malignant Glioma. Curr 
Med Sci 2024;44(2):399–405. doi:10.1007/s11596-024-2840-z, 
PMID:38632142.

[52]	 Ferreira MY, Cardoso LJC, Huda S, Ben-Shalom N. Intraopera-
tive contrast-enhanced ultrasound-assisted resection of brain 
tumors: a systematic review and meta-analysis. Neurochirurgie 
2026;72(2):101774. doi:10.1016/j.neuchi.2026.101774, PMID:4153 
4656.

[53]	 Benson A, Weaver R, Weeks A, Hayes T, Richmond J, Landry T, et 
al. A Tracked High-Resolution Ultrasound Endoscope for Mini-
mally Invasive Brain Surgery. Oper Neurosurg 2025;doi:10.1227/
ons.0000000000001812, PMID:41191786.

https://doi.org/10.14218/NSSS.2026.00005
https://doi.org/10.3233/CH-211367
http://www.ncbi.nlm.nih.gov/pubmed/35180108
https://doi.org/10.1080/02688697.2020.1772958
http://www.ncbi.nlm.nih.gov/pubmed/32648779
https://doi.org/10.1007/s00701-025-06535-2
https://doi.org/10.1007/s00701-025-06535-2
http://www.ncbi.nlm.nih.gov/pubmed/40327144
https://doi.org/10.1007/s00701-025-06457-z
http://www.ncbi.nlm.nih.gov/pubmed/40299214
https://doi.org/10.1007/s00381-024-06492-8
https://doi.org/10.1007/s00381-024-06492-8
http://www.ncbi.nlm.nih.gov/pubmed/38862795
https://doi.org/10.3390/cancers17020315
http://www.ncbi.nlm.nih.gov/pubmed/39858097
https://doi.org/10.1016/j.compbiomed.2025.110481
https://doi.org/10.1016/j.compbiomed.2025.110481
http://www.ncbi.nlm.nih.gov/pubmed/40449046
https://doi.org/10.1007/s10278-025-01648-7
http://www.ncbi.nlm.nih.gov/pubmed/40936019
https://doi.org/10.1007/s10916-024-02037-3
https://doi.org/10.1007/s10916-024-02037-3
http://www.ncbi.nlm.nih.gov/pubmed/38393660
https://doi.org/10.1016/j.ultsonch.2023.106308
http://www.ncbi.nlm.nih.gov/pubmed/36758265
https://doi.org/10.1055/a-0586-1107
http://www.ncbi.nlm.nih.gov/pubmed/29510439
https://doi.org/10.1161/01.str.24.5.676
https://doi.org/10.1161/01.str.24.5.676
http://www.ncbi.nlm.nih.gov/pubmed/8488522
https://doi.org/10.1016/j.ultras.2024.107465
http://www.ncbi.nlm.nih.gov/pubmed/39305556
http://www.ncbi.nlm.nih.gov/pubmed/39305556
https://doi.org/10.1155/2016/2643862
http://www.ncbi.nlm.nih.gov/pubmed/27069921
https://doi.org/10.2214/AJR.21.26274
https://doi.org/10.2214/AJR.21.26274
http://www.ncbi.nlm.nih.gov/pubmed/34286594
https://doi.org/10.7150/thno.105427
http://www.ncbi.nlm.nih.gov/pubmed/40213679
https://doi.org/10.1002/advs.202302134
http://www.ncbi.nlm.nih.gov/pubmed/37870165
https://doi.org/10.1186/s12951-023-02074-z
https://doi.org/10.1186/s12951-023-02074-z
http://www.ncbi.nlm.nih.gov/pubmed/37626360
https://doi.org/10.1002/jum.70047
http://www.ncbi.nlm.nih.gov/pubmed/41014204
https://doi.org/10.1007/s00381-016-3186-z
http://www.ncbi.nlm.nih.gov/pubmed/27659832
https://doi.org/10.3390/diagnostics13050971
https://doi.org/10.3390/diagnostics13050971
http://www.ncbi.nlm.nih.gov/pubmed/36900115
https://doi.org/10.1016/j.clineuro.2019.105512
http://www.ncbi.nlm.nih.gov/pubmed/31585336
https://doi.org/10.3390/cancers17142272
http://www.ncbi.nlm.nih.gov/pubmed/40723156
https://doi.org/10.1093/neuonc/noad160
http://www.ncbi.nlm.nih.gov/pubmed/37665776
https://doi.org/10.3390/jcm14176264
http://www.ncbi.nlm.nih.gov/pubmed/40944023
https://doi.org/10.1002/jcu.24096
https://doi.org/10.1002/jcu.24096
http://www.ncbi.nlm.nih.gov/pubmed/40616173
https://doi.org/10.1007/s11596-024-2840-z
http://www.ncbi.nlm.nih.gov/pubmed/38632142
https://doi.org/10.1016/j.neuchi.2026.101774
http://www.ncbi.nlm.nih.gov/pubmed/41534656
http://www.ncbi.nlm.nih.gov/pubmed/41534656
https://doi.org/10.1227/ons.0000000000001812
https://doi.org/10.1227/ons.0000000000001812
http://www.ncbi.nlm.nih.gov/pubmed/41191786

	﻿﻿Abstract﻿

	﻿﻿﻿﻿Introduction﻿

	﻿﻿﻿Evolving ultrasound technology in brain tumor surgery: Synergistic complementarity of IOUS and CEUS﻿

	﻿﻿IOUS﻿

	﻿﻿﻿CEUS﻿


	﻿﻿﻿﻿﻿Clinical synergy of IOUS and CEUS﻿

	﻿﻿Applications of IOUS and CEUS in different brain tumor subgroups﻿

	﻿﻿﻿Real-time image-guided precise resection: Complementarity of conventional IOUS and CEUS﻿

	﻿﻿﻿Identification of residual tumor tissue﻿

	﻿﻿﻿﻿Vascular structure identification and hemodynamic monitoring of functional areas: From structural preservation to functional conservation﻿

	﻿﻿﻿Differential diagnosis of tumor boundaries and peritumoral edema zones﻿

	﻿﻿﻿Long-term outcomes: From GTR to survival benefit﻿


	﻿﻿﻿﻿Future perspectives﻿

	﻿﻿﻿Limitations﻿

	﻿﻿﻿Conclusions﻿

	﻿﻿﻿﻿﻿Acknowledgments﻿

	﻿﻿﻿Funding﻿

	﻿﻿﻿Conflict of interest﻿

	﻿﻿﻿Author contributions﻿

	﻿﻿﻿References﻿


