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Complex skull base brain tumor
resection: the role of
microvascular doppler in surgical
precision and outcomes

Kecheng Shen’, Liang Sun', Weiwei Zhai', Lijuan Kong,
Jiandong Zhu, Zhengquan Yu* and Jiang Wu*

Department of Neurosurgery, The First Affiliated Hospital of Soochow University, Suzhou,
Jiangsu, China

Objective: To investigate the role of Doppler microvascular ultrasound (MVD) in
skull base surgery for the intraoperative assessment and protection of arterial
blood flow.

Methods: The clinical data of 56 patients who underwent surgery at the
Department of Neurosurgery, First Affiliated Hospital of Soochow University
between September 2017 and June 2024 were retrospectively analyzed. All
patients underwent skull base tumor resection assisted by intraoperative
microvascular Doppler (MVD). The procedures involved complex skull base
tumors, including lesions in the sellar region, sphenoid ridge, and cavernous
sinus. During surgery, MVD was utilized to monitor blood flow in vessels adjacent
to the tumors. The spatial relationship and patency of the vessels and tumors
were evaluated in conjunction with preoperative multimodal imaging.

Results: No intraoperative vascular injuries were observed among the 56
patients, confirmed by intraoperative Doppler monitoring and postoperative
imaging. All patients had favorable postoperative outcomes, including no new
neurological deficits. MVD facilitated precise intraoperative localization and
evaluation of blood vessels, which was quantitatively supported by significant
increases in contrast-to-noise ratio (CNR) after Doppler application. In two
representative cases, the addition of FLOWB8O0O0 fluorescence imaging provided
further CNR improvement, suggesting enhanced visualization and vascular
protection. Details of the CNR quantification process are provided in the
Methods section.

Conclusion: MVD provides real-time intraoperative information on arterial blood
flow during skull base surgeries, enabling surgeons to identify and preserve
critical vessels, thereby improving surgical safety, resection accuracy, and patient
outcomes. With ongoing technological advancements, the integration of MVD
and fluorescence imaging is expected to play an increasingly vital role in complex
skull base procedures.
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1 Introduction

Surgical treatment of skull base tumors is one of the most
challenging and complex aspects in neurosurgery. Skull base tumors
refer to tumors that occur in the region of the base of the skull,
which includes the bottom of the brain and the bone structures and
neural vessels that are crucial to the brain. Due to the complexity of
the skull base structure and its important anatomical location,
surgical treatment of skull base tumors requires highly specialized
techniques and experience (1, 2).

Skull base tumors can be benign or malignant. Common types
of skull base tumors include meningiomas (3), schwannomas (4, 5),
and pituitary tumors (6). Due to the tumor’s proximity to cranial
nerves and important blood vessels, symptoms may include
headache, visual impairment, hearing loss, facial numbness, and
even motor function disorders. For example, the cavernous sinus is
an important anatomical structure that contains the internal carotid
artery and the third, fourth, fifth, sixth cranial nerves. Benign
tumors such as meningiomas, trigeminal neural sheath tumors,
and cavernous angioma can occur within or extend into this
structure, causing damage to visual function, extraocular
movement, facial sensation function, and other CN functions (7-9).

Surgical resection is the standard main treatment to achieve
immediate reduction in the mass of large tumors and obtain
histopathological diagnosis. In most cases, we can make an
accurate diagnosis based on the characteristics of advanced
neuroimaging. Although microscope and endoscope skull base
techniques have been matured, the surgical intervention for such
tumors located deep in the skull base and close to the carotid artery,
cranial nerves, visual pathway, and pituitary gland remains
challenging. To protect cranial large vessels, the surgeon may
need to balance the extent of tumor resection, leading to tumor
residue, recurrence, or regrowth (10).

To maximally resect the tumor and minimize damage to cranial
nerves and cranial large vessels, neurosurgeons have utilized
many techniques aimed at improving brain tumor surgical
treatment, including preoperative advanced imaging detection,
neuronavigation, and multimodal fusion imaging. However,
preoperative tools are limited by surgical manipulation and brain
shift (11). This limitation can be overcome by using intraoperative
imaging, such as intraoperative MRI, and intraoperative
microvascular Doppler (MVD). Intraoperative MR has high costs,
operational difficulties, and logistical problems, making it difficult to
disseminate. On the other hand, intraoperative microvascular
ultrasound has been adopted in other surgeries and can be
performed multiple times during surgery (12-14). In recent years,
the application of MVD in neurosurgery has received increasing
attention. MVD aims to perform a complete intraoperative
anatomical and vascular evaluation of brain tumors, adjusting
surgical procedures based on findings made during the operation.
Additionally, MVD can be easily repeated multiple times, thus
maximizing the extent of brain tumor resection (EOR) to preserve
the function of intracranial major vessels (15-20).

MVD is a relatively inexpensive, convenient, easy-to-use, and
useful technique that has been widely used in the surgery of cerebral
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aneurysms and arteriovenous malformations. It can help properly
place aneurysm clips without significantly prolonging surgical time
(21). The MVD probe is the simplest and most reliable method for
verifying blood flow velocity. It allows the neurosurgeon to non-
invasively immediately assess blood flow velocity, verify the proper
placement of aneurysm clips, and maintain sufficient blood flow in
adjacent vessels. In this study, we applied MVD to the surgery of
skull base tumors to evaluate the blood vessel situation around the
tumor in real-time during the operation, allowing the tumor to be
resected to the greatest extent possible.

In this study, we retrospectively analyzed 56 patients with brain
tumors who underwent surgery assisted by MVD at the Department
of Neurosurgery, Suzhou University First Affiliated Hospital from
September 2017 to June 2024. All patients were preoperatively
evaluated as having anatomically complex tumors with high
surgical risks, and were closely related to intracranial vessels.
Serious consequences would result from surgical injury to the
important vessels encircling or adjacent to the tumor. All patients
were protected from vascular injury during surgery with the
assistance of MVD, and the vessels were well protected.
Therefore, we propose that using intraoperative MVD to detect
the course of the vessels can reduce the risk of vascular injury.

2 Methods
2.1 Patients

In this retrospective study, 56 patients from The First Affiliated
Hospital of Soochow University underwent surgical treatment from
September 2017 to June 2024. All patients had microvascular
Doppler (MVD) assistance during surgery. The surgeries included
complex sellar region tumors treated with transcranial and
transsphenoidal approaches, medial sphenoid ridge tumors,
cavernous sinus tumors, petroclival tumors, middle cranial
base and infratemporal fossa tumors, and neck tumors. For
these tumors, the internal carotid artery system was the target
for intraoperative MVD monitoring. For tumors in the
cerebellopontine angle, jugular foramen, foramen magnum, and
cerebellum, the vertebrobasilar arterial system was the target for
intraoperative MVD monitoring.

Perioperative clinical, surgical, and imaging data were collected.
The study included 35 female and 21 male patients, with an age
range of 24 to 84 years (mean age 51.61 years). This study was
approved by the local ethics committee (52018087) and informed
consent was obtained from all patients. The complete dataset of all
56 patients is presented in Supplementary Table 1, including
surgical details and pathological results.

2.2 Intraoperative microvascular doppler
During the procedure, a transcranial Doppler device (EME

Companion TC2021-III, Germany) was used for arterial blood
flow monitoring. The ultrasound probe had a diameter of 1.5 mm
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and operated at a frequency of 20 MHz (Figure 1A). The operator
utilized the MVD to detect blood flow signals within and around the
tumor, with a specialized TCD physician observing and recording
the flow spectrum morphology and audio signals. Blood flow
parameters were analyzed to assess the trajectory and distribution
of arteries surrounding and enveloped by the tumor in real time
(Figure 1B). When using the MVD probe, we combined it with a
metal extractor to ensure flexibility and stability during
use (Figure 1C).

2.3 Neuroimaging

All patients underwent preoperative computed tomography
(CT) and magnetic resonance imaging (MRI) to evaluate tumor
characteristics and plan the surgical approach. Multimodal image
fusion was used to assess the spatial relationship between the tumor
and surrounding vessels. Tumor volume was measured using T1-
weighted gadolinium-enhanced MRI with iPlan Cranial software
(BrainLab, Germany).

Gross total resection (GTR) was defined as the complete
removal of the tumor, confirmed intraoperatively and
quantitatively verified by volumetric analysis on contrast-
enhanced postoperative MRI. The extent of resection (EOR) was
calculated as:

EOR = [(V _pre — V _post)/V _pre] x 100 %

where V_pre and V_post represent the tumor volume before
and after surgery, respectively. Tumor segmentation and volumetric
calculations were performed using iPlan Cranial software
(BrainLab, Germany), with GTR defined as EOR = 100%.
Additionally, postoperative computed tomography angiography
(CTA) was performed to assess the presence of any vascular
complications, including vessel occlusion, stenosis, or flow
interruption. Postoperative intracranial hemorrhage was
monitored by routine head CT scans performed within 24 - 48
hours after surgery. Patency of major arteries was confirmed by the
visualization of uninterrupted contrast filling in the internal carotid
artery (ICA), middle cerebral artery (MCA), and other relevant

FIGURE 1

10.3389/fonc.2025.1600980

vessels in the operative field. This imaging evaluation was
independently reviewed by two experienced neuroradiologists.

2.4 Surgical equipment

An endoscope (Karl Storz, Germany) and a microscope
(Pentero; Carl Zeiss, Germany) were used in the integrated
operating room. The endoscopic and microscopic views were
displayed simultaneously on high-definition screens visible to the
entire surgical team (including the surgeon, assistant surgeons, and
assisting nurses).

Successful detection by MVD was defined as the presence of a
detectable Doppler signal from major intracranial arteries (e.g.
ICA, MCA, BA) intraoperatively. Detection success rate was
calculated as:

(number of patients with detectable Doppler signal/total patients assessed)

In addition to MVD, intraoperative neurophysiological
monitoring including brainstem auditory evoked potentials
(BAEPs) and motor evoked potentials (MEPs) was applied in
selected cases, particularly when operating in proximity to
brainstem or cranial nerve structures. These modalities provided
real-time intraoperative feedback on functional integrity, operated
by trained neurophysiological staff, particularly during brainstem-
adjacent procedures. Since these data were not systematically
recorded for all patients, they were not included in the
Supplementary Table 1.

2.5 Quantitative image analysis (CNR
computation)

To quantitatively assess intraoperative vessel visualization,
contrast-to-noise ratio (CNR) analysis was conducted in five
representative patients (Cases 24, 41, 55, 56, and 37), who were
selected based on the availability of complete and high-quality
intraoperative imaging across multiple stages (before and after
MVD, and MVD + FLOWS800 when available). Intraoperative

Intraoperative microvascular Doppler used in the surgery. (A) German transcranial Doppler device. (B) Use MVD for real-time monitoring during

surgery. (C) The ultrasound probe.
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images were converted to 8-bit grayscale using Image] (NTH, USA).
Rectangular regions of interest (ROIs) were manually drawn over
the target blood vessels and adjacent background tissue for each
selected image. 1_v and p_b represent the mean grayscale intensity
values of the vessel and background regions, respectively, as
described in Supplementary Table 2. The standard deviation of
background pixel intensity (6_b) was also calculated. CNR was
defined as:

CNR = (u_v-u_b)/o_b

Measurements were performed before and after MVD in all five
cases. Additionally, in Cases 37 and 56, separate images were
acquired using MVD and FLOWS800 (ICG) at corresponding
surgical stages. These images were analyzed independently to
compare the vessel-to-background CNR values between
modalities. While the two imaging modalities were used in
conjunction intraoperatively, CNR values were computed
separately for MVD and FLOWS800 images without merging or
overlay. For dual-modality comparison, MVD and FLOWS800
images were analyzed independently, with ROIs drawn separately
on each modality to calculate CNR without image overlay. Full
grayscale values and computed CNR values are listed in
Supplementary Table 2.

10.3389/fonc.2025.1600980

Representative grayscale images with manually defined ROIs for
vessel and background regions are provided in Supplementary
Figures 1A-L.

3 Results
3.1 Study population

Table 1 summarizes the clinical characteristics of 56 patients
whose arterial conditions were assessed using MVD
intraoperatively. Among the 56 patients, the detection success
rate of MVD was 87.63%. According to the postoperative MRI,
the GTR rate of the patients was 91.07%. After the operation, we
used CTA for vascular assessment, and the blood vessels of all
patients were well protected. During the follow-up period, no
radiologically confirmed tumor recurrence was observed. For
patients who did not undergo gross total resection, adjuvant
stereotactic radiosurgery (e.g., Gamma Knife) was administered,
which may have contributed to recurrence prevention.

Among them, we analyzed the tumor location, pathology and
involved blood vessels of the patients. Among the 56 patients, the
largest number was in Sella region, with 24 cases (Figure 2A).

TABLE 1 Summary of clinical and surgical outcomes grouped by tumor location (n = 56).

Tumor location Mean Mgan tun’;or MVD detfction GTR rate (%) Vascular pr?tection
age (years) size (cm?) rate (%) CICHVA)

Sella region 24 483 26+04 91.7 95.8 100
Cavernous sinus 6 51.7 31+05 100 83.3 100
Sphenoid crest 5 64.2 29+03 80 80 100
Parasellar region 3 60.7 2.7 £05 100 100 100
CPA 1 73 35 100 100 100
Neck/Skull base 8 49.5 3.0+06 75 87.5 100
Other 9 451 28403 66.7 88.9 100
Total 56 51.6 2.9+ 0.4 87.63 91.07 100

MVD, microvascular Doppler; GTR, gross total resection.

A B
Distribution of Tumor Locations (n=56)

Bl Sella region (n=24)

[0 Cavernous sinus (n=6)
Sphenoid crest (n=5)
Parasellar region (n=3)

[0 CPA (n=1)

I Neck/Skull base (n=8)
Other (n=9)

FIGURE 2

Distribution of Involved Vessels (n=56)

0 Venous/Other (n=2)

C

Distribution of Pathological Types (n=56)

Bl ICA (n=38) Il Pituitary Adenoma (n=17)
8 MCA (n=5) [ Meningioma (n=14)
VA (n=4) Schwannoma (n=8)
Multiple (n=7) Chordoma (n=3)

[ Other (n=14)

(A) Distribution of tumor locations. (B) Distribution of involved vessels. (C) Distribution of pathological types. ICA, internal carotid artery; MCA, middle

cerebral artery; VA, vertebral artery; CPA, Cerebellopontine Angle.
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Internal carotid artery (ICA) is the most affected blood vessel, with a
total of 38 patients’ tumors involving ICA (Figure 2B). Based on
postoperative histopathological examination, the most common
type was pituitary adenoma, with a total of 17 cases, followed by
meningioma, with 13 cases (Figure 2C). During the study period, no
patients died of vascular problems. Postoperative computed
tomography angiography (CTA) demonstrated that all major
intracranial arteries were well preserved without evidence of
stenosis, occlusion, or flow disruption, no delayed vascular injury
and no postoperative intracranial hemorrhage.

3.2 Application of MVD assistance in
craniotomy for the resection of complex
skull base tumors

For patients with skull base tumors encasing multiple blood
vessels, where preoperative CTA and MRA demonstrated patent
vessels with unobstructed blood flow, it is challenging to distinguish
the tumor from the blood vessels under the microscope during
surgery. Preoperatively, we use multimodal fusion to reconstruct
and integrate the 3D images of blood vessels and tumors, clarifying
their relative positions and the status of blood flow.

10.3389/fonc.2025.1600980

In Case 41, preoperative MRI indicated a tumor in the
cerebellopontine angle region, causing severe compression of the
medulla (Figures 3A-C). The patient had difficulty walking,
accompanied by posterior cranial nerve symptoms such as
choking on water, difficulty swallowing, and breathing issues, with
bilateral lower limb muscle strength at grade II and bilateral upper
limb muscle strength at grade IV. MRA suggested the tumor
encased both vertebral arteries (VAs). Through multimodal
fusion, we found the tumor encased the right VA and was closely
related to the left VA (Figure 3D). This case represents a typical and
challenging scenario of skull base tumors with vascular encasement.

During craniotomy, it was difficult to distinguish the tumor
from the blood vessels (Figure 3E). We used MVD to detect and
identify the courses of both VAs, confirming the relationship
between the VAs and the tumor as shown preoperatively by
multimodal fusion. This cross-validation allowed us to protect
the blood vessels well. Without MVD assistance, safely dissecting
the tumor from the encased right VA would have been extremely
challenging and posed a high risk of vascular injury. Post-tumor
resection, re-detection of the VAs showed good pulsatile blood
flow in the VAs and surrounding branches (Figures 3F-]). The
patient had a good prognosis with significant relief of

medulla compression.

FIGURE 3

Case 41. (A—C) MRA indicates that the tumor envelopes the bilateral vertebral arteries. (D) Preoperative multimodal fusion. (E) The location of the
vertebral artery before the operation. (F-J) Postoperatively, MVD is used to confirm the location and patency of the vertebral artery and its branch

vessels.
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3.3 Application of MVD assistance in
endoscopic resection of complex pituitary
tumors

Pituitary tumors with high Knosp grades often increase the
difficulty of surgery due to encasement of the C2 or C4 segment of
the internal carotid artery (ICA). Intraoperative maneuvers must be
extremely careful to avoid damaging the ICA, allowing the removal
of tumors hidden in the posterior angle of the ICA and improving
surgical outcomes. Therefore, accurately determining the position
of the ICA during surgery is crucial. For instance, in Case 24, the left
ICA was completely encased by the tumor (Figures 4A-C). During
surgery, MVD was used to confirm the position of the ICA
(Figure 4D). The tumor was completely resected while preserving
the integrity of the blood vessel (Figures 4E, F).

3.4 Application of combined FLOWS800
fluorescence imaging and MVD in complex
skull base tumors

In addition to using MVD to determine the position
(anatomical location) and course (spatial trajectory and direction)

Sup. Comp.

X
2.

Hpriz. ICA

~

FIGURE 4

10.3389/fonc.2025.1600980

of arteries—particularly important in skull base tumors where
vessels like the internal carotid artery (ICA) may be displaced or
encased—we also employed FLOWS800 fluorescence imaging during
surgery. After injecting indocyanine green, FLOW800 technology
provides fluorescence imaging of blood vessels to confirm their
positions. For instance, in Case 56, the tumor was located in the
right cavernous sinus and clivus (Figures 5A-E). Preoperative
multimodal fusion showed the ICA located anteroinferior to the
tumor and encased by it (Figure 5F). During surgery, we used MVD
and FLOWS800 to mutually confirm the ICA position (Figures 5G,
H). The tumor was completely resected while preserving the blood
vessels. MVD can show the direction and flow of blood, while
FLOWS800 can display the vessel diameter. The combined use of
both methods offers better protection of blood vessels.

3.5 Limitations of MVD in skull base
surgery

Although MVD can often assist surgeons in accurately locating
major blood vessels during surgery, its effectiveness may be limited
when there are structures such as bone or tumor capsules between
the probe and the blood vessels. For instance, in Case 55,

Sup. Comp.

/

Case 24. Endoscopic resection of complex pituitary adenomas assisted by MVD. (A—C) Preoperative MR Showed that the left ICA was surrounded by
the tumor. (D) Intraoperative determination of the position of the left internal carotid artery and the direction of blood flow. (E, F) Postoperative CT
and MR demonstrated that the tumor was resected satisfactorily and the blood flow of the internal carotid artery remained unobstructed.
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FIGURE 5

Case 56. The combined use of MVD and FLOWS80O in skull base tumor surgery. (A—E)Preoperative MR showed that the right ICA was anterior to the
tumor. (F) Preoperative multimodal fusion. (G, H) The internal carotid artery was detected during the operation and compared with FLOW800.

preoperative CTA was conducted to clarify the spatial adjacency
and positional correlation between the tumor, surrounding major
blood vessels, and skull base bone structures. Preoperative MRI
indicated that the tumor was in close spatial proximity to the
internal carotid artery; however, MRI could not adequately assess
the integrity of the adjacent bone structures (Figures 6A-D).

Preoperative CTA suggested the tumor involved the ICA segment
at the foramen lacerum and the terminal segment of the petrous
bone (Figures 6E, F). Post-complete tumor resection, MVD was
used to detect the course of the ICA, but no ICA blood flow signal
was detected around the tumor (Figure 6G). Postoperative CT
indicated a thin layer of bone between the ICA and the tumor,

FIGURE 6

Case 55. MVD combined with CTA was used to evaluate the vascular condition of patients. (A—D) Preoperative MR showed that the ICA was closely
related to the tumor. (E, F) Preoperative CTA. (G) Intraoperative fail to detect internal carotid artery. (H) Postoperative CT showed ICA lateral has a

thin layer of bone.

Frontiers in Oncology

frontiersin.org


https://doi.org/10.3389/fonc.2025.1600980
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Shen et al.

with partial destruction of the ICA bony canal (Figure 6H). This
demonstrates that MVD has weak tissue penetration, and when the
probe is not in direct contact with the vessel wall, it may not be able
to detect the vessel. In such cases, we rely on electrophysiological
monitoring to ensure the blood vessels are not damaged.

3.6 CNR-based evaluation of vessel
visualization

CNR values were analyzed in five representative cases (Cases 24,41,
55,56,and 37). Theaverage CNRincreased from 0.87 +0.40beforeMVD
10 2.83 + 0.37 after MVD(p = 0.0027, paired t-test). Detailed grayscale
data and computed CNR values are shown in Supplementary Table 2.
Supplementary Figure 1 shows grayscale images, ROI placements, and
imaging stages corresponding to the CNR measurements.

An additional patient (Case 37) with complete intraoperative
imaging at all three stages (before MVD, after MVD, and during
FLOWS800 imaging) was included to enable comparative evaluation
of different intraoperative imaging modalities, in accordance with
reviewer suggestions.

In these two cases (Cases 37 and 56), FLOWS800 imaging yielded
higher CNR values than MVD alone. The average CNR increased
from 2.80 (after MVD) to 3.85 (FLOWS800), with an average ACNR
of +1.05, suggesting improved vessel-background contrast with
fluorescence-based imaging. These results are illustrated in Figure 7.

As only two cases underwent both MVD and FLOWS800
imaging, the observed improvements in CNR are preliminary and
should be interpreted with caution.

4 Discussion

Skull base surgery is a complex and high-risk procedure
involving the protection of critical structures such as the
brainstem, cranial nerves, and major vessels (21). Intraoperative

A

CNR Before vs After MVD
®

3
o ®
=
p variable
x 2 - Before
S @ After

[ J [ J
41 55 56
Case

24 37

FIGURE 7
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blood flow monitoring and assessment are crucial for surgical
success and patient prognosis. Precise anatomical manipulation is
fundamental for arterial protection in skull base surgery. Surgeons
need a deep understanding of skull base anatomy, particularly the
course and branching of key vessels like the middle cerebral artery
and posterior communicating artery. Doppler microvascular
ultrasound technology is increasingly used in skull base surgery,
providing significant support for intraoperative arterial protection
and blood flow assessment (22-24).

Our retrospective analysis of patients undergoing tumor
resection with MVD assistance from September 2017 to May
2024 at The First Affiliated Hospital of Soochow University
showed no vascular injuries, complete tumor resection, and
favorable postoperative outcomes. MVD enables accurate
intraoperative localization and course determination of arteries,
ensuring complete tumor resection without vascular damage and
improving patient prognosis.

Doppler microvascular ultrasound uses the Doppler effect to
assess blood flow velocity and direction by detecting frequency
changes in reflected ultrasound waves. This technology provides
real-time blood flow information during surgery, helping surgeons
determine the functional status and location of vessels. In skull base
surgery, Doppler microvascular ultrasound is widely used to: 1)
assess vessel patency, ensuring critical arteries are not damaged or
obstructed during surgery; 2) monitor blood flow changes, quickly
identifying potential intraoperative thrombosis, stenosis, or flow
interruptions; and 3) evaluate postoperative blood flow restoration,
assessing blood flow recovery after vessel anastomosis or
reconstruction (24, 25).

For instance, in surgeries for cavernous sinus meningiomas
encasing the ICA and high Knosp grade pituitary tumors, MVD
helps intraoperatively determine the ICA’s location, assess vessel
patency, and confirm the vessel’s position and blood flow recovery
post-tumor resection. This ensures vessel patency post-surgery,
avoiding intraoperative vascular injuries. Preoperatively, BrainLab
multimodal fusion technology reconstructs the relative positions of

B CNR Comparison: MVD vs FLOWS800

4.0

o

=]

(]

; 35 Case
37

z . 56

O L J

3.0

MVD FLOW800

Imaging Method

Paired contrast-to-noise ratio (CNR) comparisons in five patients undergoing skull base tumor resection. (A) CNR values before and after
intraoperative microvascular Doppler (MVD) application in Cases 24, 41, 55, 56, and 37, demonstrating consistent improvement following Doppler-
based vessel identification. (B) CNR values from MVD and FLOWB800 images in Cases 37 and 56, showing higher vessel-to-background contrast with
fluorescence-based perfusion imaging. Each line connects the same patient. CNRs were calculated independently from grayscale images acquired

using each modality. No image merging or overlay was performed
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the tumor and vessels on imaging. Intraoperatively, navigation
combined with MVD confirms these findings, demonstrating
MVD’s effectiveness in displaying vessel locations, avoiding brain
shifts caused by pressure changes and surgical manipulations.

Compared to MVD, FLOW800 technology is widely used in skull
base surgery for vascular assessment. FLOW800 fluorescence imaging
uses fluorescent agents (such as indocyanine green, ICG) in blood
vessels, visualized through a special light source. Intraoperative
microscopes and camera systems capture fluorescence signals,
generating blood flow images. FLOWS800 offers high-resolution, real-
time dynamic monitoring and non-invasive evaluation, providing clear
vascular structure and blood flow information intraoperatively. It
enables dynamic blood flow observation, aiding in surgical
evaluation. Compared to traditional angiography, fluorescence
angiography causes less tissue damage and has high safety (26-29).

However, previous studies indicate that FLOWS800 fluorescence
angiography has limitations such as poor penetration and
suboptimal deep lesion imaging (30). Kato Y et al. reached similar
conclusions, stating that FLOWS00 is a reliable and useful adjunct
to microscope-integrated color ICG video angiography, though
limited for deep AVMs (31). Deep lesions require clear and
complete exposure before fluorescence analysis. Additionally,
there is a risk of allergic reactions to the fluorescent agent.

Compared with FLOW800, MVD is simple to operate and has
strong repeatability and accurate detection of deep blood vessels.
Compared with ordinary Doppler ultrasound, under the detection of
professional ultrasound doctors, MVD can provide real-time vascular
information during the operation, including blood flow direction,
speed and whether there is plaque formation, and no additional
contrast agent is required. However, we can combine FLOWS800 and
MVD during the operation, which can provide more accurate vascular
and blood flow information, improve the safety and accuracy of the
operation, and improve the protection of blood vessels.

Quantitative analysis confirmed that intraoperative
microvascular Doppler (MVD) significantly enhances the
visualization of blood vessels in skull base surgery. The increase
in CNR observed across five patients provides objective validation
of the subjective improvements noted during surgery.

In two cases (Cases 37 and 56) where both MVD and FLOWS800
imaging were available, the CNR values obtained from FLOW800
images were higher than those obtained from MVD images. This
suggests that fluorescence-based perfusion imaging may offer
superior vessel-to-background contrast compared to Doppler-
based structural imaging in certain scenarios.

However, since CNR values were computed independently
from separate grayscale images acquired using each modality, this
finding reflects a relative comparison between imaging methods
rather than a synergistic effect of combined imaging. While Case 37
was newly included for this analysis, it was selected from the same
cohort based on imaging completeness.

These results are based on a small sample and should be
interpreted cautiously. Further prospective studies are warranted
to validate these preliminary findings and investigate the
complementary value of combining structural and perfusion-
based intraoperative imaging techniques. Although FLOWS800
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imaging showed higher CNR values than MVD in two patients,
this finding is based on a limited sample and lacks statistical power.
Future studies with larger cohorts are planned to further evaluate
the comparative performance and potential complementary use of
MVD and FLOW800 during skull base surgery.

However, in endoscopic surgery, MVD can directly detect blood
vessels in deep structures under direct endoscopic view, which
FLOWS800 cannot do. But the defect of MVD is that the penetrability
of ultrasound waves is not as good as that of fluorescence. In the case of
structural barriers, MVD cannot accurately detect blood vessels. When
neither MVD nor FLOWS800 can accurately detect blood flow, we also
used neurophysiological monitoring during the operation to monitor
the condition of blood vessels in real time.

A control group without intraoperative MVD was not available
for this retrospective cohort. Future prospective studies including
non-MVD-assisted surgeries will be valuable for more robust
comparisons of surgical outcomes and complication rates.

Long-term follow-up blood flow assessment is significant for
predicting patients’ neurological recovery and quality of life.
Regular Doppler ultrasound examinations monitor vascular
health and detect potential issues.

5 Conclusion

The application of Doppler microvascular ultrasound (MVD)
in skull base surgery provides a valuable and effective tool for real-
time monitoring and assessment of arterial blood flow. Our study
demonstrated that MVD not only assists in precise vessel
localization and protection but also objectively enhances
intraoperative vessel visualization, as shown by a significant
increase in contrast-to-noise ratio (CNR) following its use.

Furthermore, the combination of MVD with FLOW800
fluorescence imaging resulted in an additional improvement in vessel
contrast, supporting the potential for synergistic imaging benefits. These
findings highlight the clinical value of integrating structural and
perfusion-based modalities to optimize surgical safety and outcomes.

As imaging technologies continue to evolve, the complementary
use of intraoperative Doppler and fluorescence-guided techniques is
expected to play an increasingly important role in complex skull
base procedures, facilitating safer tumor resections and better
patient prognoses.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding authors.

Ethics statement

This study was approved by the local ethics committee
(S2018087) and informed consent was obtained from all patients.

frontiersin.org


https://doi.org/10.3389/fonc.2025.1600980
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Shen et al.

Author contributions

KS: Data curation, Conceptualization, Writing - review &
editing, Validation, Writing — original draft. LS: Conceptualization,
Methodology, Investigation, Writing - review & editing. WZ:
Investigation, Supervision, Writing — review & editing, Formal
Analysis. LK: Data curation, Formal analysis, Investigation,
Writing — review & editing. JZ: Formal Analysis, Software, Writing
- review & editing, Methodology. ZY: Funding acquisition, Writing —
review & editing, Resources, Project administration, Supervision. JW:
Supervision, Funding acquisition, Writing — review & editing,
Conceptualization, Resources.

Funding

The author(s) declare financial support was received for the
research and/or publication of this article. This research was funded
by the Medical and Health Science and Technology Innovation
Project of Suzhou Health Commission (grant number:
SKY2022002) and Special Funds for Science and Technology
Programs of Jiangsu Provincial Department of Science and
Technology (grant number: BE2023712).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

References

1. Giammalva G, Iacopino D, Azzarello G, Gaggiotti C, Graziano F, Guli C, et al.
End-of-life care in high-grade glioma patients. the palliative and supportive
perspective. Brain Sci. (2018) 8:125. doi: 10.3390/brainsci8070125

2. Bonosi L, Ferini G, Giammalva GR, Benigno UE, Porzio M, Giovannini EA, et al.
Liquid biopsy in diagnosis and prognosis of high-grade gliomas; state-of-the-art and
literature review. Life. (2022) 12:407. doi: 10.3390/life12030407

3. Menke JR, Raleigh DR, Gown AM, Thomas S, Perry A, Tihan T. Somatostatin
receptor 2a is a more sensitive diagnostic marker of meningioma than epithelial
membrane antigen. Acta Neuropathologica. (2015) 130:441-3. doi: 10.1007/s00401-
015-1459-3

4. Nonaka D, Chiriboga L, Rubin BP. Sox10: A pan-schwannian and melanocytic
marker. Am ] Surg Pathology. (2008) 32:1291-8. doi: 10.1097/pas.0b013e3181658c14

5. Karamchandani JR, Nielsen TO, van de Rijn M, West RB. Sox10 and S100 in the
diagnosis of soft-tissue neoplasms. Appl Immunohistochemistry Mol Morphology.
(2012) 20:445-50. doi: 10.1097/pai.0b013e318244ff4b

6. Agely A, Okromelidze L, Vilanilam GK, Chaichana KL, Middlebrooks EH, Gupta
V. Ectopic pituitary adenomas: common presentations of a rare entity. Pituitary. (2019)
22:339-43. doi: 10.1007/s11102-019-00954-y

7. McCormick PC, Bello JA, Post KD. Trigeminal schwannoma. ] Neurosurg. (1988)
69:850-60. doi: 10.3171/jns.1988.69.6.0850

8. Tagle P, Huete I, Méndez ], del Villar S. Intracranial cavernous angioma:
presentation and management. ] neurosurgery. (1986) 64:720-3. doi: 10.3171/
jns.1986.64.5.0720

9. Adegbite AB, Khan MI, Paine KWE, Tan LK. The recurrence of intracranial
meningiomas after surgical treatment. J Neurosurgery. (1983) 58:51-6. doi: 10.3171/
jns.1983.58.1.0051

10. Rennert RC, Ravina K, Strickland BA, Bakhsheshian J, Fredrickson VL, Russin JJ.
Complete cavernous sinus resection: an analysis of complications. World Neurosurgery.
(2018) 119:89-96. doi: 10.1016/j.wneu.2018.07.206

Frontiers in Oncology

10

10.3389/fonc.2025.1600980

Generative Al statement

The author(s) declare that Generative AI was used in the
creation of this manuscript. This manuscript was edited with the
assistance of the Al-based language model ChatGPT (OpenAl) to
improve grammar and clarity. All content was reviewed and verified
by the authors to ensure factual accuracy and integrity.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fonc.2025.1600980/
full#supplementary-material

11. Gerard IJ, Kersten-Oertel M, Hall JA, Sirhan D, Collins DL. Brain shift in
neuronavigation of brain tumors: an updated review of intra-operative ultrasound
applications. Front Oncol. (2020) 10:618837. doi: 10.3389/fonc.2020.618837

12. Rogers CM, Jones PS, Weinberg JS. Intraoperative MRI for brain tumors. J
Neuro-Oncology. (2021) 151:479-90. doi: 10.1007/s11060-020-03667-6

13. Lubner MG, Mankowski Gettle L, Kim DH, Ziemlewicz TJ, Dahiya N, Pickhardt
P. Diagnostic and procedural intraoperative ultrasound: technique, tips and tricks for
optimizing results. Br J Radiol. (2021) 94:20201406. doi: 10.1259/bjr.20201406

14. Hackl C, Bitterer F, Silva, Jung EM, Schlitt HJ. Intraoperativer ultraschall in der
viszeralchirurgie. Der Chirurg. (2020) 91:474-80. doi: 10.1007/s00104-020-01142-6

15. Pino M, Imperato A, Musca I, Maugeri R, Giammalva GR, Costantino G, et al.
New hope in brain glioma surgery: the role of intraoperative ultrasound. A review.
Brain Sci. (2018) 8:202. doi: 10.3390/brainsci8110202

16. 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

17. 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

18. Prada F, Perin A, Martegani A, Aiani L, Solbiati L, Lamperti M, et al.
Intraoperative contrast-enhanced ultrasound for brain tumor surgery. Neurosurgery.
(2014) 74:542-52. doi: 10.1227/neu.0000000000000301

19. Prada F, Mattei L, Del Bene M, Aiani L, Saini M, Casali C, et al. Intraoperative
cerebral glioma characterization with contrast enhanced ultrasound. BioMed Res Int.
(2014) 2014:1-9. doi: 10.1155/2014/484261

20. Prada F, Del Bene M, Moiraghi A, Casali C, Legnani FG, Saladino A, et al. From
grey scale B-mode to elastosonography: multimodal ultrasound imaging in

meningioma surgery—Pictorial essay and literature review. BioMed Res Int. (2015)
2015:1-13. doi: 10.1155/2015/925729

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fonc.2025.1600980/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2025.1600980/full#supplementary-material
https://doi.org/10.3390/brainsci8070125
https://doi.org/10.3390/life12030407
https://doi.org/10.1007/s00401-015-1459-3
https://doi.org/10.1007/s00401-015-1459-3
https://doi.org/10.1097/pas.0b013e3181658c14
https://doi.org/10.1097/pai.0b013e318244ff4b
https://doi.org/10.1007/s11102-019-00954-y
https://doi.org/10.3171/jns.1988.69.6.0850
https://doi.org/10.3171/jns.1986.64.5.0720
https://doi.org/10.3171/jns.1986.64.5.0720
https://doi.org/10.3171/jns.1983.58.1.0051
https://doi.org/10.3171/jns.1983.58.1.0051
https://doi.org/10.1016/j.wneu.2018.07.206
https://doi.org/10.3389/fonc.2020.618837
https://doi.org/10.1007/s11060-020-03667-6
https://doi.org/10.1259/bjr.20201406
https://doi.org/10.1007/s00104-020-01142-6
https://doi.org/10.3390/brainsci8110202
https://doi.org/10.3389/fonc.2022.818446
https://doi.org/10.3389/fonc.2018.00576
https://doi.org/10.1227/neu.0000000000000301
https://doi.org/10.1155/2014/484261
https://doi.org/10.1155/2015/925729
https://doi.org/10.3389/fonc.2025.1600980
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Shen et al.

21. Goto T, Ohata K. Surgical resectability of skull base meningiomas. Neurologia
Medico-Chirurgica. (2016) 56:372-8. doi: 10.2176/nmc.ra.2015-0354

22. Kloth C, Kratzer W, Schmidberger ], Beer M, Clevert DA, Graeter T. Ultrasound 2020
- diagnostics & Therapy: on the way to multimodal ultrasound: contrast-enhanced ultrasound
(CEUS), microvascular doppler techniques, fusion imaging, sonoelastography, interventional
sonography. RoFo - Fortschr auf dem Gebiet der Rontgenstrahlen und der bildgebenden
Verfahren. (2020) 193:23-32. doi: 10.1055/a-1217-7400

23. Goeral K, Hojreh A, Kasprian G, Klebermass-Schrehof K, Weber M, Mitter C,
et al. Microvessel ultrasound of neonatal brain parenchyma: feasibility, reproducibility,
and normal imaging features by superb microvascular imaging (SMI). Eur Radiol.
(2018) 29:2127-36. doi: 10.1007/s00330-018-5743-1

24. Yoo J, Je BoK, Choo JiY. Ultrasonographic demonstration of the tissue
microvasculature in children: microvascular ultrasonography versus conventional color
doppler ultrasonography. Korean ] Radiology. (2020) 21:146-6. doi: 10.3348/kjr.2019.0500

25. Cannella R, Pilato G, Mazzola M, Bartolotta TV. New microvascular ultrasound
techniques: abdominal applications. La radiologia medica. (2023) 128:1023-34.
doi: 10.1007/s11547-023-01679-6

26. Kato Y, Balamurugan S, Agrawal A, Sano H. Intra operative indocyanine green

video-angiography in cerebrovascular surgery: An overview with review of literature.
Asian ] Neurosurgery. (2011) 6:88. doi: 10.4103/1793-5482.92168

Frontiers in Oncology

11

10.3389/fonc.2025.1600980

27. Faber F, Thon N, Fesl G, Rachinger W, Guckler R, Tonn JC, et al. Enhanced
analysis of intracerebral arterioveneous malformations by the intraoperative use of
analytical indocyanine green videoangiography: technical note. Acta Neurochirurgica.
(2011) 153:2181-7. doi: 10.1007/s00701-011-1141-z

28. Taddei G, Tommasi C, Ricci A, Galzio R. Arteriovenous malformations and
intraoperative indocyanine green videoangiography: Preliminary experience. Neurol
India. (2011) 59:97. doi: 10.4103/0028-3886.76878

29. Zaidi HA, Abla AA, Nakaji P, Chowdhry SA, Albuquerque FC, Spetzler RF.
Indocyanine green angiography in the surgical management of cerebral arteriovenous
malformations. Operative Neurosurgery. (2014) 10:246-51. doi: 10.1227/
neu.0000000000000318

30. Jhawar SS, Kato Y, Oda J, Oguri D, Sano H, Hirose Y. FLOW 800-assisted
surgery for arteriovenous malformation. J Clin Neurosci. (2011) 18:1556-7.
doi: 10.1016/j.jocn.2011.01.041

31. Kato Y, Jhawar S, Oda J, Watabe T, Oguri D, Sano H, et al. Preliminary
evaluation of the role of surgical microscope-integrated intraoperative FLOW
800 colored indocyanine fluorescence angiography in arteriovenous
malformation surgery. Neurol India. (2011) 59:829-9. doi: 10.4103/0028-
3886.91359

frontiersin.org


https://doi.org/10.2176/nmc.ra.2015-0354
https://doi.org/10.1055/a-1217-7400
https://doi.org/10.1007/s00330-018-5743-1
https://doi.org/10.3348/kjr.2019.0500
https://doi.org/10.1007/s11547-023-01679-6
https://doi.org/10.4103/1793-5482.92168
https://doi.org/10.1007/s00701-011-1141-z
https://doi.org/10.4103/0028-3886.76878
https://doi.org/10.1227/neu.0000000000000318
https://doi.org/10.1227/neu.0000000000000318
https://doi.org/10.1016/j.jocn.2011.01.041
https://doi.org/10.4103/0028-3886.91359
https://doi.org/10.4103/0028-3886.91359
https://doi.org/10.3389/fonc.2025.1600980
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Complex skull base brain tumor resection: the role of microvascular doppler in surgical precision and outcomes
	1 Introduction
	2 Methods
	2.1 Patients
	2.2 Intraoperative microvascular doppler
	2.3 Neuroimaging
	2.4 Surgical equipment
	2.5 Quantitative image analysis (CNR computation)

	3 Results
	3.1 Study population
	3.2 Application of MVD assistance in craniotomy for the resection of complex skull base tumors
	3.3 Application of MVD assistance in endoscopic resection of complex pituitary tumors
	3.4 Application of combined FLOW800 fluorescence imaging and MVD in complex skull base tumors
	3.5 Limitations of MVD in skull base surgery
	3.6 CNR-based evaluation of vessel visualization

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


