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Objective: This study aims to evaluate the effectiveness of Magnetic Resonance Virtual Endoscopy combined with 3D-FIESTA-c and
3D-TOF-MRA in preoperative assessment of MVD for PTN, with a focus on accurately detecting neuromuscular contact.
Methods: We retrospectively analyzed clinical and imaging data from 240 patients with unilateral primary trigeminal neuralgia
undergoing MVD surgery between April 2016 and July 2023. Preoperative scans with 3D-FIESTA-c and 3D-TOF-MRA were
performed, and MRVE images were obtained to analyze the relationship between the trigeminal nerve and adjacent vessels. Using
the findings during microvascular decompression (MVD) surgery as the gold standard, the diagnostic results of 3D-TOF-MRA + 3D-
FIESTA-c were considered as group I, while the combined use of MRVE, 3D-TOF-MRA + 3D-FIESTA-c was considered as group II.
Results: In 240 cases, group I had a positive rate of 96.25% and an accuracy rate of 86.25% for identifying responsible blood vessels,
while group II had a positive rate of 98.3% and an accuracy rate of 94.17%. There were no statistically significant differences in
positive rates between group I and group II, group I and MVD, or group I and MVD (P > 0.05). However, there were statistically
significant differences in accuracy rates (P < 0.05). The accuracy for single and multiple arteries with group I was 99.38% and 80.0%,
respectively, while with group II, it was 100% and 95.0%. No statistically significant difference was found in accuracy for single or
multiple arteries (P>0.05). The accuracy of evaluating responsibility veins with or without other vessels was 52.73% and 80.0%,
respectively, with a statistically significant difference (P<0.05).

Conclusion: MRVE combined with 3D-TOF-MRA + 3D-FIESTA-c significantly improves the accuracy of identifying responsibility
vessels, especially veins, in preoperative assessment for MVD. This has important clinical implications for preoperative decision-
making and surgical planning.

Keywords: primary trigeminal neuralgia, magnetic resonance imaging, magnetic resonance virtual endoscopy, microvascular

decompression

Introduction

Trigeminal neuralgia is a chronic neuropathic pain disorder characterized by brief, recurrent, stabbing pains in one or
more branches of the trigeminal nerve on one side of the face, often triggered by simple daily activities such as talking,
brushing teeth, and washing the face." The global annual incidence ranges from 4.3 to 27 individuals per 100,000, with
an onset typically between the ages of 50 and 70. It is more common in females, and the right side is more frequently
affected than the left. The incidence increases with age.>* Over time, the frequency and duration of pain episodes tend to
increase, significantly impacting the patient’s quality of life. Some patients may experience psychological symptoms such
as anxiety and depression, and in severe cases, it can lead to suicidal tendencies.*
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Graphical Abstract

3D-FIESTA-c 3D-FIESTA-c

Trigeminal neuralgia is primary classified into two categories based on its etiology: primary and secondary, with
primary trigeminal neuralgia (PTN) being more commonly observed in clinical practice.*® PTN refers to cases where
trigeminal neuralgia occurs without underlying causes such as tumors or tumor-like lesions, inflammatory conditions, or
postoperative complications. The pathogenesis of PTN involves multiple theories, with the neurovascular compression
(NVC) theory being the most widely accepted currently.*”* Understanding the etiology has driven advancements in PTN
treatment, and microvascular decompression (MVD) is considered the most effective method for treating PTN after
unsuccessful drug therapy. MVD is currently the only surgical intervention that provides long-term pain relief while
preserving normal facial sensation.**'® Challenges during MVD include difficulties in predicting the origin and course
of responsible blood vessels and characterizing the responsible vessels. Therefore, a key focus in the field of trigeminal
neuralgia treatment is how to preoperatively identify responsible blood vessels and clearly demonstrate their relationship
with the trigeminal nerve.

Currently, the preoperative assessment of trigeminal neuralgia relies mainly on MRI examinations. In recent years,
with the significant advancements in magnetic resonance imaging (MRI) technology, several three-dimensional high-
resolution MRI sequences have been developed to evaluate the neurovascular relationships, such as 3D-CISS, 3D-
SPACE, 3D-FIESTA, and 3D-TOF-MRA.''"'® However, these imaging methods are often limited to two-dimensional
plane images, providing limited assistance in identifying responsible blood vessels and aiding in clinical surgical
planning. Magnetic Resonance Virtual Endoscopy (MRVE) is a non-invasive virtual imaging technique that processes
three-dimensional MRI datasets to simulate visual images resembling those obtained with standard endoscopy tools.'” "’
MRVE offers enhanced visualization of the three-dimensional anatomical relationship between blood vessels and nerves
and serves as a powerful complementary tool for preoperative assessment in MVD. It provides crucial imaging evidence
for surgeons to accurately assess the relationship between responsible blood vessels and nerves and simulate surgical
approaches. This study utilized MRVE technology in conjunction with three-dimensional high-resolution MRI sequences
to assess the neurovascular relationships in 240 patients with primary trigeminal neuralgia, aiming to explore the clinical
application value of MRVE in preoperative MVD assessments.

Materials and Methods

Study Population

A total of 240 patients with PTN who underwent MVD surgery at our neurosurgery department between April 2016 and
April 2023 were retrospectively reviewed. Among these cases, 150 were located on the right side, and 90 on the left side. The
cohort comprised 107 male and 133 female patients, with ages ranging from 22 to 88 years (mean age: 58.5+10.0 years). The
duration of symptoms ranged from 1 month to 20 years, with an average of (4.7+4.6) years. Prior to surgery, all patients
underwent preoperative scanning with 3D-TOF-MRA and 3D-FIESTA-c. Additionally. All patients underwent MVD surgery
via a posterior approach through the sigmoid sinus. Inclusion criteria included:(DDiagnosed as PTN according to the
diagnostic criteria of the third edition of the International Classification of Headache Disorders published by the
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International Headache Society Classification Committee in 2018;%° 2)Unilateral PTN; 3)Complete imaging data; (#)Normal
cognitive function. Exclusion criteria:(DSecondary trigeminal neuralgia due to intracranial tumors, inflammation, or vascular
malformations; (2)History of mental illness; (3)Presence of contraindications for MRI examinations. The study was granted
approval by the Institutional Ethical Committee for Clinical Research of Nanjing Brain Hospital, and all patients provided
written informed consent.

Image Acquisition

Scans were conducted using the GE Discovery 750 3.0T MRI machine with a standard head coil. Patients were positioned in
a supine posture, and the scanning range encompassed the entire brainstem. Parameters for the 3D-FIESTA-c scan were as
follows: TR=5.05ms, TE=2.26ms, FOV 250 mm X 226 mm, matrix 256 X 256, excitation times 2, and slice thickness 1 mm.
Parameters for the 3D-TOF-MRA scan were: TR=12.0ms, TE=2.9ms, FOV 230 mm % 208 mm, matrix 320 x 320, flip angle 18°,
excitation times 2, and slice thickness 1mm.

Image Post-Processing

The acquired raw images were transferred to the imaging workstation (GE AW4.6). The Reformat function was utilized
for multi-planar reconstruction (MPR) of the 3D-FIESTA-c and maximum intensity projection (MIP) of the 3D-TOF-
MRA to observe the relationship between the trigeminal nerve and blood vessels. For MRVE image reconstruction, the
3D-FIESTA-c was selected, and the Reformat Navigator function was used for post-processing. In the parameter
interface, including two variables, namely, viewing angle and threshold, the viewing angle ranged from 90° to 160°,
and the threshold range was set between 6000 and 10000. Adjustments were made to the viewing angle to ensure the
complete display of the target in the image. The threshold was adjusted to maintain the smooth edges of the nerve and
blood vessels, avoiding unnecessary structural displays in the surroundings. In the vertical position, the angle between
nerves and vessels was observed, while in the tangential position, the distance between nerves and vessels was observed.
In the navigation interface, observations were made regarding the distance between nerves and vessels, the presence of
surface impressions, and any morphological abnormalities to determine the degree of nerve compression. Finally, three-
dimensional images were rotated from multiple angles for further simulation of the surgical path.

Image Analysis

Based on the original transverse images of 3D-FIESTA-c, 3D-TOF-MRA, and MRVE reconstructed images,
a comprehensive assessment was made to determine the type and source of nerve-vessel compression on the affected
side, and annotations were added to the three-dimensional images. All images were evaluated by two experienced
physicians with extensive neuroimaging diagnostic experience, using a double-blind approach. They were unaware of the
patients’ symptom locations and surgical outcomes. A consensus judgment was reached on whether the trigeminal nerve
in the brainstem area experienced vascular compression and the degree of compression. The source of the responsible
vessel was also analyzed. According to the criteria of Arbab et al*' the degree of contact between nerves and vessels was
classified into three types. Type I: No contact, with no vascular display around the nerve or a clear distance between
vessels and nerves. Type II: Contact, with no gap between vessels and nerves, and the nerve contact point shows no
compressed deformation. Type III: Compression, with noticeable deformation and displacement at the nerve-vessel
contact point. Type I was considered negative, while Type II + Type III was considered positive. Using the results of
MVD surgery as the gold standard, the diagnostic results of 3D-TOF-MRA + 3D-FIESTA-c were designated as group I,
while the combined use of MRVE, 3D-TOF-MRA + 3D-FIESTA-c was designated as group II. A comparative analysis
was conducted to assess the accuracy of different MRI methods in evaluating responsible vessels.

Statistical Analysis

Statistical analysis of the data was performed using SPSS 21.0 software. A comparative analysis was conducted to
compare the diagnostic results between group I and group II, group I and MVD, and group I and MVD. The count data
were expressed as number of cases (%). The comparison between the two groups was performed using the chi-square
(x2) test. A significance level of P < 0.05 was considered statistically significant.
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Results

MVD Surgical results

Among the 240 confirmed cases of PTN undergoing MVD surgery, the positive rate was 98.75% (237/240). In 3 cases
(1.25%), no responsible vessel compression or contact was observed during surgery, attributed to the restricted space in the
cerebellopontine angle (CPA) with arachnoid adhesions causing thickening and compression on the trigeminal nerve.
Responsible vessels included Superior Cerebellar Artery (SCA) in 148 cases (61.67%), Anterior Inferior Cerebellar
Artery (AICA) in 9 cases (3.75%), Petrosal Vein (PV) in 14 cases (5.83%), Vertebral Artery (VA) in 5 cases (2.08%),
SCA + AICA in 13 cases (5.42%), SCA + PV in 39 cases (16.25%), SCA + VA in 5 cases (2.08%), AICA + PV in 2 cases
(0.83%), and AICA + VA in 2 cases (0.83%). Combining responsibility vessel types, they were categorized as follows:
Arterial group in 182 cases (75.83%), comprising Single Artery group in 162 cases (67.50%) and Multiple Arteries group in
20 cases (8.33%); Venous group in 14 cases (5.83%); Arteriovenous group in 41 cases (17.08%) (Table 1).

Comeparison of Preoperative Imaging Examination Results Between Two Groups

The diagnostic positive rate of responsibility vessels for group I was 96.25% (231/240), with an accuracy of 86.25%
(207/240). For group II the positive rate was 98.3% (236/240), with an accuracy of 94.17% (226/240). There were no
statistically significant differences in positive rates between group I and group II, group I and MVD, or group II and
MVD (y2=1.977, ¥2=3.077, x2=0.145; P > 0.05). However, there were statistically significant differences in accuracy
rates (¥2=8.515, x2=35.436, x2=14.421; P < 0.05).

Comparison of Preoperative Imaging Evaluation of Responsibility Vessels Between

Two Groups

The accuracy of evaluating single and multiple arteries with 3D-TOF-MRA + 3D-FIESTA-c was 99.38% (161/162) and
80.0% (16/20), respectively. With MRVE combined with 3D-TOF-MRA + 3D-FIESTA-c, the accuracy was 100% (162/162)
and 95.0% (19/20) for single and multiple arteries, respectively. There was no statistically significant difference in accuracy
between the two imaging methods when evaluating responsibility vessels as single or multiple arteries (y2=1.003, P>0.05;
¥2=2.057, P>0.05). The accuracy of 3D-TOF-MRA + 3D-FIESTA-c and MRVE combined sequence in evaluating respon-
sibility veins with or without other vessels was 52.73% (29/55) and 80.0% (44/55), respectively, with a statistically significant
difference (¥2=9.162, P<0.05)(Figures1-4).

Table 1 MRI Findings and MVD Results of NVC

Responsible MVD 1 ]
Vessel Type . . . .
Consistent Inconsistent Consistent Inconsistent

SCA 148 (61.67) 148 (61.67) 23 (9.59) 148 (61.67) 11 (4.58)
AICA 9 (3.75) 8 (3.33) 2 (0.83) 9 (3.75) 0
VA 5 (2.08) 5 (2.08) 0 5 (2.08) 0
SCA+AICA 13 (5.42) 9 (3.75) 0 12 (5.00) 0
AICA+VA 2 (0.83) 2 (0.83) 0 2 (0.83) 0
SCA+VA 5 (2.08) 5 (2.08) 0 5 (2.08) 0

PV 14 (5.84) 7 (2.92) 0 Il (4.58) 0
AICA+PV 2 (0.83) 0 0 2 (0.83) 0
SCA+PV 39 (16.25) 22 (9.17) 0 31 (12.93) 0
No NVC 3 (1.25) 1 (0.42) 8 (3.33) | (0.42) 3 (1.25)
Total 240 (100) 207 (86.25) 33 (13.75) 226 (94.17) 14 (5.83)

Abbreviations: SCA, superior cerebellar artery; AICA, anterior inferior cerebellar artery; VA, Vertebral Artery; PV, Petrosal

Vein.
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Figure | A 50-year-old female with left TN for 3 years. 3D-FIESTA-c axial (A) and 3D-TOF-MRA axial (B) showed vascular contact (red arrow) at the left trigeminal nerve
(yellow arrow). MRVE image (C) showed the left Superior Cerebellar Artery (red arrow) compressing the trigeminal nerve from above (yellow arrow).

EX Mear e 2

Figure 2 A 66-year-old female with right TN for over 5 years. 3D-FIESTA-c axial (A) and 3D-TOF-MRA axial (B) showed two branches of the right Superior Cerebellar
Artery (red arrows) individually compressing the trigeminal nerve (yellow arrows). MRVE image (C) showed the two branches of the right Superior Cerebellar Artery (red
arrows) separately compressing the trigeminal nerve from above (yellow arrows).

Discussion

The etiology and pathogenesis of primary trigeminal neuralgia remain contentious, with the predominant consensus
among scholars favoring the NVC theory.*”® According to this theory, compression or conflict between neurovascular
structures at the root entry zone (REZ) leads to demyelination of the compressed nerve root. The exposed axons then
come into contact with adjacent non-myelinated fibers, causing a “short circuit” and altering pain mechanisms, thereby
resulting in neuropathic pain."* Among the common responsible vessels for trigeminal neuralgia, the superior cerebellar
artery is the most frequently implicated, followed by the anterior inferior cerebellar artery, the basilar artery, the petrosal
veins, and arterial-venous compression. Wei et al'* reported that among 146 patients undergoing MVD surgery for TN,
responsible vessels were found in 143 cases, with arteries accounting for 75.34%, veins for 7.53%, and arterial-venous
mixed for 15.07%. Anwar et al'> found that the occurrence rate of NVC caused by the SCA was 77%, while the AICA
was 23%, with no cases attributed to venous compression. In our study, arterial compression accounted for 75.83% of
responsible vessels, with SCA was 61.67%, AICA was 3.75%, and VA was 2.08%,venous was 5.83%, and arterial-venous
mixed was 17.08%.

MVD is regarded as the most effective treatment strategy for trigeminal neuralgia caused by NVC.*%'° Compared to
other ablative surgical methods, MVD achieves immediate pain relief rates ranging from 87% to 98%, with 1-year pain-
free rates reaching 80% and 8—10 year pain-free rates ranging from 58% to 68%.7%* Even in elderly patients, MVD is
equally safe and effective.”* However, MVD surgery involves further exploration of the cranial cavity, thereby carrying
certain surgical risks and complications. Enhancing treatment efficacy and reducing complication rates have become
significant challenges for clinical neurosurgeons. Various factors influence the outcomes of MVD surgery, with
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Figure 3 A 65-year-old male with right TN for 4 years. 3D-FIESTA-c axial (A) and coronal (B) showed close contact between the right Petrosal Vein (blue arrow) and the
trigeminal nerve (yellow arrow) below. 3D-TOF-MRA axial (B) showed no apparent responsible vessels around the right trigeminal nerve (yellow arrow). MRVE image (D)
showed the intimate relationship between the right Petrosal Vein (blue arrow) and the trigeminal nerve (yellow arrow).

preoperative identification of responsible vessels and determination of the relationship between nerves and vessels crucial
for surgical success.”> %’

In recent years, magnetic resonance imaging (MRI) has been employed for preoperative detection of NVC in
trigeminal neuralgia patients. Conventional MRI, due to its low resolution, has been disappointing in assessing the
relationship between the trigeminal nerve and adjacent vessels. With rapid advancements in MR technology, high-
resolution imaging sequences, particularly three-dimensional high-resolution T2-weighted imaging, play a crucial role in
excluding secondary etiologies such as tumors, inflammation, and demyelination-induced spasms, and in identifying and
evaluating NVC."""*2% In this study, we used 3D-FIESTA-c and 3D-TOF-MRA imaging for preoperative detection of
NVC in trigeminal neuralgia patients. The 3D-FIESTA-c utilizes the effects of heavy T2-weighted imaging to highlight
the signal of cerebrospinal fluid (CSF), achieving a similar effect to “ventriculography”. In 3D-FIESTA-c imaging,
arteries, veins, and nerves all appear as low signals, while surrounding CSF appears as high signal. With the use of
refocused gradient echo pulses, the 3D-FIESTA-c demonstrates high contrast and good spatial resolution in depicting
small structures around CSF, providing detailed visualization of the boundaries between CSF and nerves, vessels, and
dura mater. However, a major limitation of this sequence is the low signal of both vessels and nerves, leading to unclear
signal contrast between them. This restriction hampers the detection and differentiation of NVC, particularly when
responsible vessels overlap closely with the trigeminal nerve, and when there is minimal or no CSF between them,
resulting in some false-positive or false-negative results.'* Additionally, a significant drawback of 3D-FIESTA-c is its
inability to differentiate between arteries and veins.3D-TOF-MRA is a flow-enhanced imaging technique that selectively
images rapidly flowing vessels. It serves as an important complement to 3D-FIESTA-c, as it demonstrates fast-flowing
small vessels as high signals, with CSF showing low signal, and is able to display high signal small vessels coursing
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Figure 4 A 67-year-old female with left TN for | year. 3D-FIESTA-c axial (A) and sagittal (B) showed compression on the left trigeminal nerve (yellow arrow) by the
Petrosal Vein (blue arrow) and Superior Cerebellar Artery (red arrow) from above. 3D-TOF-MRA axial (C) and sagittal (D) showed only the compression of the left
trigeminal nerve by the Superior Cerebellar Artery (red arrow), with no other visible vascular. MRVE image (E) showed compression on the left trigeminal nerve by the
Petrosal Vein (blue arrow) and Superior Cerebellar Artery (red arrow).

within the low signal CSF background, thus facilitating clear identification of nerves and vessels. However, the 3D-TOF-
MRA has limitations in imaging slow-flowing vessels such as veins and tortuous small arteries, especially the commonly
implicated responsible vessel, the petrosal vein, in trigeminal neuralgia.'"'***2° In such cases, combining both
sequences compensates for the limitations of each, enabling better tracking of the relationship between nerves and
vessels."*'%?® Muller et al*® reported that using 3D-FIESTA combined with TOF-MRA allows visualization of the
trigeminal nerve, optimizing the identification of NVC and potentially providing more reliable differentiation between
veins and arteries. Wei et al'® reported that the accuracy of diagnosing neurovascular compression using a combination of
3D-TOF-MRA and 3D-FIESTA significantly improves compared to using either sequence alone. Although the combina-
tion of these two sequences can compensate for some of their respective shortcomings, both display two-dimensional
images, making it difficult to dynamically visualize the spatial anatomy of the cerebellopontine angle region and to
display the spatial relationship between nerves and vessels from multiple angles and perspectives, especially with lower

L . 14,1
accuracy in displaying venous vessels or unknown small vessels,'*'°

posing challenges for preoperative anatomical
localization in neurosurgical MVD. In this study, the accuracy of diagnosing responsible vessels using a combination of
3D-TOF-MRA and 3D-FIESTA-c was 86.25%, with accuracies of 99.38% for evaluating single arterial branches and
80.0% for multiple arterial branches, but only 52.73% accuracy for evaluating responsible veins with or without other
vessels. It is evident that while 3D-FIESTA-c combined with 3D-TOF-MRA effectively displays responsible arterial
vessels, more advanced imaging techniques are required for cases where responsible vessels are veins.

MRVE is a three-dimensional visualization technique based on magnetic resonance imaging data, which utilizes
computer software to post-process MR thin-slice three-dimensional image data to construct anatomical morphologies of
cavity organ cavities. It provides three-dimensional visual feedback similar to or equivalent to standard fiber endoscopic
techniques. Currently, this technology has been successfully applied in the examination of cavity organs (airways,

gastrointestinal tracts, bladders, etc), as well as the fine structures of blood vessels, internal ear canals, and joint
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cavities.”®** 3% In neurosurgery, the main applications of MRVE include endoscopic third ventriculostomy (ETV),
endoscopic nasal surgery, and assessment of cerebral vascular lesions.** However, there is currently limited literature
on the application of MRVE in preoperative evaluation of neurovascular relationships in trigeminal neuralgia, both
domestically and internationally. MRVE possesses imaging advantages of safety, non-invasiveness, and repeatability,
allowing for multi-angle, comprehensive, three-dimensional observation of the complex spatial relationships between
nerves and vessels.”” It overcomes some of the shortcomings of MR two-dimensional images, allowing for better
tracking of vessels and nerves, increasing the detection rate of responsible vessels, and enabling better differentiation
between small arteries and veins. This provides clinical surgeons with a very intuitive understanding of the relationship
between nerves and vessels, serving as important imaging evidence for preoperative simulation of MVD surgery and
reducing the occurrence of intraoperative and postoperative complications. Shen et al*® analyzed imaging data from 98
trigeminal neuralgia patients and found that the accuracy of diagnosing responsible vessels using MRVE combined with
3D-FIESTA and 3D-TOF-MRA was 98.0%, superior to that of combined diagnosis with 3D-FIESTA and 3D-TOF-MRA,
and the difference was statistically significant. Chai et al’” reported that MRVE combined with MR three-dimensional
high-resolution imaging had a higher detection rate (95%) for responsible vessels compared to single MR three-
dimensional high-resolution imaging (85%), and the detection rate (71.4%) for venous and arterial-venous mixed
compression was higher than that of single MR three-dimensional high-resolution imaging (14.3%). In this study, it
was found that the accuracy of diagnosing responsible vessels using MRVE combined with 3D-TOF-MRA+3D-FIESTA
-c was 94.17%, higher than that of detection accuracy using 3D-TOF-MRA+3D-FIESTA-c (86.25%), and the difference
was statistically significant (P < 0.05). The accuracy of diagnosing responsible veins with or without other vessels using
MRVE combined with 3D-TOF-MRA+3D-FIESTA-c was 80.0%, significantly higher than the detection accuracy using
3D-TOF-MRA+3D-FIESTA-c for veins (52.73%), and the difference was statistically significant (P < 0.05). These
results indicate that MRVE technology, by utilizing three-dimensional simulated images for observation and combining
them with images from 3D-TOF-MRA and 3D-FIESTA-c, can significantly improve the detection rate of responsible
vessels (especially small veins). Additionally, MRVE imaging technology can simulate the surgical path through three-
dimensional images, providing appropriate perspectives for neurosurgeons to observe the spatial relationships between
vessels and nerves, helping to optimize surgical plans to avoid missing vessels, and further reducing unnecessary
exploration and traction during surgery.

Limitations and Conclusions

MRVE has some limitations that have hindered its widespread application in clinical practice. Firstly, MRVE is a time-
consuming post-processing technique that requires specialized operators and experienced neuroradiologists for image
interpretation. Therefore, mastering this technique requires professional training and practical experience. Secondly,
obtaining clear MRVE images requires a certain amount of cerebrospinal fluid in the cerebellopontine angle cistern.
Patients with small cerebrospinal fluid spaces may have insufficient fluid, resulting in lower resolution and difficulties in
MRVE reconstruction. Conversely, patients with excessive cerebrospinal fluid may experience motion artifacts, which
can affect diagnostic accuracy.

In conclusion, the combined application of MRVE with three-dimensional high-resolution MRI sequences (3D-TOF-
MRA, 3D-FIESTA-c) provides a powerful tool for assessing the intricate adjacent relationships between the trigeminal
nerve and surrounding vessels. This combination technique enables multi-angle, comprehensive observation, signifi-
cantly enhancing the accuracy of detecting potential responsible vessels. In neurosurgical procedures, it offers surgeons
detailed three-dimensional anatomical maps, allowing for more precise surgical planning and greatly reducing the risk of
damaging critical nerves or vessels during the operation, thereby ensuring surgical safety.
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