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Background: Intraoperative hemorrhage in meningioma surgery represents a critical clinical challenge. 
In this study, we aimed to investigate the feasibility of predicting intraoperative blood loss (IBL) in non-
embolized meningiomas using the cerebral blood flow (CBF) information estimated from three-dimensional 
(3D) pseudo-continuous arterial spin labeling (pCASL) magnetic resonance imaging (MRI).
Methods: A total of 48 non-embolized meningioma patients who underwent preoperative 3D pCASL from 
September 2017 to July 2024 were retrospectively studied. IBL was recorded during the operation. The 
meningioma’s CBF was normalized to the contralateral normal gray matter’s CBF, yielding the normalized 
CBF, which was analyzed, along with MRI-based tumor anatomy including volume, the volume ratio 
between tumor and total brain (VRTB), maximum tumor diameter, and location. Patients were divided 
into high and low blood loss groups at a 400 mL threshold. Logistic regression was employed to find the 
parameters correlated with IBL. Diagnostic performance was assessed using receiver operating characteristic 
(ROC) curve analysis [area under the curve (AUC)] and the Delong test.
Results: Clinical and radiological analysis revealed significant differences in tumor volume, VRTB, 
maximum tumor diameter, and normalized CBF between subgroups. Multivariate logistic regression 
identified VRTB [odds ratio (OR) =2.055, 95% confidence interval (CI): 1.250–3.379], and normalized 
CBF (OR =1.428, 95% CI: 1.109–1.838) as significant predictors of elevated IBL. Optimal cutoff values 
were 3.293% for VRTB and 1.817 for normalized CBF. The AUCs were 0.751 for VRTB and 0.683 for 
normalized CBF, with no significant difference between them (Delong test, P=0.582). The combined risk 
factors’ AUC, including both VRTB and normalized CBF, was 0.867, showing a significant difference from 
normalized CBF (P=0.010) but not from VRTB (P=0.099).
Conclusions: The normalized CBF and VRTB may serve as promising non-invasive imaging biomarkers 
to predict IBL and guide meningioma surgery.
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Introduction

Meningiomas represent the most prevalent tumors of the 
central nervous system (1). Surgical resection constitutes 
the principal therapeutic approach for symptomatic 
meningiomas, especially when complete excision is 
achievable (2). However, hypervascular meningiomas may 
lead to excessive intraoperative hemorrhage, significantly 
heightening the risk of adverse surgical outcomes. Although 
several preoperative strategies exist to mitigate this 
risk, such as performing embolization on hypervascular 
meningiomas prior to resection to minimize blood loss, the 
indications for these procedures remain contentious, with a 
lack of definitive guidelines for their implementation (3-5). 
Consequently, preoperative identification of hypervascular 
meningiomas and the predictive factors associated with 
intraoperative blood loss (IBL) are essential to inform and 
improve preoperative planning.

Digital subtraction angiography (DSA) has traditionally 
been utilized as a preoperative reference standard for 
identifying hypervascular meningiomas. Although DSA 
is less invasive, its potential complications include risks of 
sedation or anesthesia, inguinal hematoma, and ischemic 
stroke, indicating that it is not risk-free for patients (6,7). 
In addition, DSA exposes patients to ionizing radiation. 
Magnetic resonance imaging (MRI) is a non-invasive and 
ionizing radiation-free technique that has been used as the 
standard imaging approach for diagnosing meningioma (8).  
Previous studies have reported that MRI-provided 
anatomy information, such as tumor location and volume, 
are relevant factors of IBL (9-12). In addition, several 
studies have proposed novel indices to predict IBL, such 
as the tumor average T1 contrast enhancement intensity 
normalized to the baseline arterial value (T1 index) and the 
volume of flow void signal [rapid blood flow within vessels 
causes the area to appear as a signal loss on T2-weighted 
imaging (T2WI)] (10-12). However, these methods did 
not provide quantitative blood-related information on 
the tumor. A study by Kang et al. (13) showed that the 
relative cerebral blood volume and the leakage coefficient 
of tumor obtained from dynamic susceptibility contrast 
(DSC) perfusion MRI were useful markers for predicting 
IBL. However, DSC requires the administration of contrast 
agents, which may limit its application for the population 

for whom they are contraindicated (13).
Three-dimensional (3D) pseudo-continuous arterial spin 

labeling (pCASL) is a contrast agent-free MRI technique 
that can provide cerebral blood flow (CBF) information 
by using magnetic labeling of water protons in the blood, 
which functions as an endogenous contrast agent (14-17). 
3D pCASL methodology has significant applications in the 
diagnosis, grading, treatment monitoring, and prognostic 
assessment of brain tumors (18-21), and has also been 
employed to predict tumor vascular distribution (22,23), 
offering an effective non-invasive method of clinical 
examination. However, it remains unknown if the CBF 
information obtained from 3D pCASL can be used to 
predict the IBL for non-embolized meningioma patients.

In this study, we aimed to investigate the value of 
3D pCASL for predicting the IBL in non-embolized 
meningioma patients. In addition to analyzing the CBF, 
we also analyzed the MRI-based anatomy information 
of meningioma and the clinical information of patients. 
We present this article in accordance with the STROBE 
reporting checklist (available at https://qims.amegroups.
com/article/view/10.21037/qims-24-2326/rc).

Methods

Patients

Patient recruitment and imaging were performed at The 
Second Affiliated Hospital of Nanchang University from 
September 2017 to July 2024. The main patient inclusion 
and exclusion criteria are shown in Table 1. None of the 
patients had received preoperative embolization. Clinical 
data were extracted including age, gender, whether there 
was a history of hypertension, diabetes, and coronary heart 
disease, pathological diagnosis and grade of meningioma, 
tumor consistency, and IBL. Tumor grade was based on the 
World Health Organization (WHO) criteria (Grades I, II, 
and III). IBL was recorded during surgery; IBL of 400 mL 
was used as the threshold to subdivide participants into low 
and high IBL groups (10,24). The study was conducted in 
accordance with the Declaration of Helsinki (as revised in 
2013). This study was approved by the Ethics Committee 
of The Second Affiliated Hospital of Nanchang University. 
Given the retrospective nature of this investigation and the 
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use of anonymized patient data, requirements for informed 
consent were waived. 

MRI acquisition

Images were acquired on a 3.0 T MR scanner (Discovery 
750w; GE Healthcare, Waukesha, WI, USA) with a 
24-channel head and neck coil. Sponge-rubber pads were 
used to alleviate head motion. The full brain was covered 
for all the sequences used in this study. Axial T1-weighted 
imaging (T1WI) was scanned with repetition time (TR) of 
2,007 ms, echo time (TE) of 22.6 ms, inversion time (TI) of 
683.9 ms, field of view (FOV) of 258 mm × 240 mm, acquired 
matrix size of 320×256, reconstructed matrix size of 512×512, 
slice thickness of 5 mm, and slice spacing of 1.5 mm.  
Axial T2WI was acquired with TR of 4,841 ms, TE of 
101.1 ms, FOV of 258 mm × 240 mm, acquired matrix size 
of 416×416, reconstructed matrix size of 512 × 512, slice 
thickness of 5 mm, and slice spacing of 1.5 mm. 3D pCASL 
scans were acquired with TR of 4,640 ms, TE of 10.7 ms, 
FOV of 258 mm × 240 mm, and 8 arms with 512 points per 
arm. All the above sequences were acquired before contrast 
injection. Contrast-enhanced T1-weighted (T1C) imaging 
was obtained after bolus injection of gadoterate meglumine 
(Gd-DOTA, Jiangsu Hengrui Medicine Co., Ltd., Jiangsu, 
China) using the identical imaging parameters of pre-
contrast T1WI.

MRI data procession

Tumor location was divided into two groups: skull base and 
non-skull base. Maximum tumor diameter was measured 
on the largest area of the whole tumor. Tumor volumes 
were calculated from the T1C image [the region of interest 
(ROI) of the entire tumor was manually drawn on the T1C 

image using 3D-Slicer software (https://www.slicer.org/) 
and 3D volume of the ROI was obtained, Figure 1A-1D]. 
Whole brain volume was computed automatically using the 
uAIFI BrainTool (United Imaging Healthcare, Shanghai, 
China). The volume ratio between tumor and total brain 
(VRTB) was calculated. On MRI, the peritumoral edema, 
dural tail sign, and flow void signal were evaluated by two 
radiologists, and a third senior neuroradiologist would be 
consulted if there was no consensus reached.

3D pCASL images were transferred to a local GE 
post-processing workstation (AW Volume Share 4.7; GE 
Healthcare), then CBF maps were calculated using the 
embedded FuncTool software from the perfusion and the 
M0 calibration images within the acquired data. ROIs were 
placed by the radiologist blinded to the histopathology 
of each patient in the most densely perfused area of the 
meningioma at each tumor plane image (four to eight 
ROIs were chosen depending on tumor size, with one ROI 
per tumor plane, the ROI size was 45–55 mm2), cystic, 
necrotic, hemorrhagic components or edema were avoided 
with reference to T2WI and T1C imaging. Tumor CBF 
was defined as the average of four to eight ROIs’ CBF. To 
conduct the normalization, the CBF of meningioma (CBFM) 
was normalized by dividing it by the CBF of contralateral 
normal gray matter (CBFG) with the same size ROI, resulting 
in normalized CBF (nCBF) (14,25) (Figure 1E-1G).

Statistical analysis

Statistical analyses were performed using the software SPSS 
26.0 (IBM Corp., Armonk, NY, USA), GraphPad Prism 9.0 
(GraphPad Software, San Diego, CA, USA) and R statistical 
software (https://www.r-project.org/). For descriptive 
statistics, we used proportions for categorical variables, 
mean ± standard deviation (SD) for normal continuous data, 

Table 1 Inclusion and exclusion criteria

Project Description

Inclusion criteria Underwent preoperative 3D pCASL, T1-weighted imaging, T2-weighted imaging, and contrast-enhanced T1-weighted 
imaging

Underwent craniotomy for tumor resection by experienced senior neurosurgeons at our institution and had a 
histopathological diagnosis of meningioma

Intraoperative blood loss was recorded

Exclusion criteria MRI images were not clear and did not meet the clinical application standards

Received corticosteroid treatment, radiation therapy or chemotherapy, or any brain biopsy prior to the MRI

3D, three-dimensional; MRI, magnetic resonance imaging; pCASL, pseudo-continuous arterial spin labeling.

https://www.r-project.org/
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Figure 1 Delimitation of the ROI. (A-D) Final 3D volume of the ROI obtained by 3D Slicer. (E) Manual delineation of the maximum 
tumor diameter on the slice having the largest lesion diameter. (E-G) A cerebral blood flow map was analyzed by drawing ROIs within the 
most densely perfused areas of the lesion and the area of the contralateral normal gray matter with reference to T2WI and T1C imaging. 
3D, three-dimensional; ROI, region of interest; T1C, T1-weighted; T2WI, T2-weighted imaging.

and median [interquartile ranges (IQR)] for non-normally 
continuous data. Continuous variables were compared by 
using the Mann-Whitney U test and categorical variables 
were compared by using the Fisher’s exact test for two 
groups. Correlation coefficients were calculated with 
the Spearman test. Univariate and multivariate logistic 
regressions were performed to assess the predictors. 
The diagnostic performance of each factor to classify 
tumors of lower or higher IBL was assessed by using the 
receiver operating characteristic (ROC) curve analysis 
and calculation of accuracy, sensitivity, specificity, positive 
predictive value (PPV), and negative predictive value (NPV); 
the Youden index was used to assess the best cutoff value. 
The differences between ROC curves were assessed using 
the DeLong test. Differences were statistically significant 
when the P value was <0.05 in this study. 

Results

Patient characteristics

The baseline characteristics and imaging features are 
summarized in Table 2. There were 29 women and 19 men, 
with a median age of 56 years. Among these 48 patients, 9 
(18.75%) of the meningiomas were located at the skull base. 
The histology of 41 intracranial meningiomas (85.42%) was 
classified as WHO Grade I, and 7 (14.58%) as WHO Grade 
II. The median (IQR) tumor volume and VRTB were 40.81 
(15.80, 57.74) cm3 and 2.97% (1.19%, 4.33%), respectively. 
The median (IQR) CBFM value and the median (IQR) 
nCBF value were 153.0 (80.9, 281.0) mL/100 g/min and 
2.60 (1.31, 5.03) mL/100 g/min, respectively. All patients 
exhibited normal preoperative coagulation laboratory data. 

Statistically significant differences in CBFG were not 
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observed between males and females. However, significant 
differences were identified in CBFM (P=0.006) and 
nCBF (P=0.008) between males and females (Table S1).  
Furthermore, there were no statistically significant 
differences in CBFG, CBFM, and nCBF across different age 
spans (Table S2).

Determination of variables associated with IBL

Of the total of 48 patients included in this study, the median 
IBL during surgery was 400 mL. IBL of 400 mL was used 
as the threshold to subdivide participants into low and high 
IBL groups (10,24). The analyses of clinical indicators 

Table 2 Patient characteristics and inter-group dissimilarity test (Mann-Whitney U test or Fisher’s exact test)

Parameters Total patients (n=48) IBL ≤400 mL (n=31) IBL >400 mL (n=17) P value

Age (years) 56.0 (44.3–64.0) 45.0 (56.0–64.0) 56.0 (39.5–62.5) 0.400

Gender 0.161

Male 19 (39.58) 10 (32.26) 9 (52.94)

Female 29 (60.42) 21 (67.74) 8 (47.06)

Tumor location 0.247

Skull base 9 (18.75) 4 (12.90) 5 (29.41)

Non-skull base 39 (81.25) 27 (87.10) 12 (70.59)

Hypertension 6 (12.50) 4 (12.90) 2 (11.76) >0.99

Diabetes 3 (6.25) 2 (6.45) 1 (5.88) >0.99

Coronary heart disease 2 (4.17) 1 (3.23) 1 (5.88) >0.99

Tumor grade 0.226

Grade I 41 (85.42) 28 (90.32) 13 (76.47)

Grade II 7 (14.58) 3 (9.68) 4 (23.53)

Consistency 0.283

Soft 20 (41.67) 11 (35.48) 9 (52.94)

Medium 19 (39.58) 14 (45.16) 5 (29.41)

Rigid 9 (18.75) 6 (19.35) 3 (17.65)

Peritumoral edema 39 (81.25) 25 (80.65) 14 (82.35) >0.99

Dural tail sign 37 (77.08) 26 (83.87) 11 (64.71) 0.163

Flow void signal 17 (35.42) 8 (25.81) 9 (52.94) 0.060

Whole brain volume (cm3) 1,388.2±146.8 1,366.5±124.5 1,427.7±178.0 0.152

Tumor volume (cm3) 40.81 (15.80–57.74) 34.45 (9.34–47.21) 59.88 (32.36–87.25) 0.001*

VRTB (%) 2.97 (1.19–4.33) 2.36 (0.64–3.42) 4.19 (2.51–5.76) 0.004*

Maximum tumor diameter (mm) 48.06±15.05 43.61±14.87 56.18±11.91 0.008*

CBFM (mL/100 g/min) 153.0 (80.9–281.0) 111.6 (58.6–269.5) 201.4 (124.6–524.7) 0.083

nCBF 2.60 (1.31–5.03) 1.72 (1.06–3.98) 4.43 (2.73–8.19) 0.038*

CBFG (mL/100 g/min) 56.25 (50.31–64.16) 55.99 (51.11–67.02) 56.77 (48.08–60.84) 0.497

Data are presented as the median (interquartile range) for non-normally continuous date, mean ± standard deviation for normal continuous 
data, and the number (percentage) for the count data. *, P<0.05. CBFG, the cerebral blood flow of contralateral normal gray matter; CBFM, 
the cerebral blood flow of meningiomas; nCBF, normalized cerebral blood flow; IBL, intraoperative blood loss; VRTB, the volume ratio 
between tumor and total brain.

https://cdn.amegroups.cn/static/public/QIMS-24-2326-Supplementary.pdf
https://cdn.amegroups.cn/static/public/QIMS-24-2326-Supplementary.pdf
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showed that tumor volume, VRTB, maximum tumor 
diameter, and nCBF were found to be significantly different 
between these two subgroups. There was a moderate 
positive association between the IBL and tumor volume 
(P=0.002, r=0.438), VRTB (P=0.007, r=0.388), maximum 
tumor diameter (P=0.005, r=0.403), and nCBF (P=0.031, 
r=0.316) (Figure 2).

Univariate logistic regression analysis revealed that higher 
IBL was significantly associated with tumor volume, VRTB, 
maximum tumor diameter, CBFM, and nCBF (Figure 3). No 
correlation was found between IBL and age, sex, tumor 
location, hypertension, diabetes, coronary heart disease, 
pathological grade, tumor consistency, peritumoral edema, 
dural tail sign, and flow void signal.

 Due to the correlations between tumor volume, VRTB, 
and maximum tumor diameter, VRTB was ultimately 
selected for inclusion in the multivariate logistic regression 
analysis because of its highest odds ratio (OR). A high 
correlation was also observed between CBFM and nCBF 

(r=0.963, P<0.001), leading to their separate inclusion in the 
multivariate logistic regression analysis. When nCBF and 
VRTB were included, the results indicated that VRTB [OR 
=2.055, 95% confidence interval (CI): 1.250–3.379] and 
nCBF (OR =1.428, 95% CI: 1.109–1.838) were significant 
predictors of IBL (Figure 4). Conversely, when CBFM and 
VRTB were included, VRTB (OR =2.097, 95% CI: 1.255–
3.503) and CBFM (OR =1.007, 95% CI: 1.002–1.012) were 
also significant predictors of IBL (Table S3). However, the 
OR of CBFM was lower than that of nCBF and close to one, 
which ultimately led to the decision to employ VRTB and 
nCBF in constructing the prediction model. 

To assess the diagnostic efficacy of the predictors in 
predicting IBL, the ROC curves are shown in Figure 5, and 
the results of the ROC analysis are shown in Table 3. The 
area under the curve (AUC), best cutoff value, sensitivity, 
and specificity for VRTB were 0.751, 3.293%, 70.6%, and 
74.2%, respectively. Those for nCBF were 0.683, 1.817, 
88.2%, and 51.6%, respectively. Furthermore, the DeLong 

Figure 2 A scatter plot of the Spearman correlation analysis between the IBLand the VRTB (A), nCBF (B), tumor volume (C), and 
maximum diameter (D). IBL, intraoperative blood loss; nCBF, normalized cerebral blood flow; VRTB, the volume ratio between tumor and 
total brain.
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test of the ROC curves showed no significant difference 
between the AUCs for VRTB and nCBF, as shown in Table 4. 

Additionally, the AUC, sensitivity, and specificity of risk 
factors combined with both VRTB and nCBF were 0.867, 
94.1%, and 74.2%, respectively; the differential diagnostic 
efficacy was improved when the two factors were combined. 
The DeLong test showed a significant difference between 
the combined and nCBF models (P=0.010), the AUC of the 
combined model was higher than the VRTB, although the 
DeLong test was not significant (P=0.099).

Discussion

Intraoperative hemorrhage in meningiomas represents 
a significant challenge for clinicians in terms of surgical 

Age

Sex

Tumor location

Hypertension

Diabetes

Coronary heart disease

Tumor Grade

Texture

Medium texture

Rigid texture

Tumor volume

VRTB

Maximum tumor diameter

CBFM

nCBF

Peritumoral edema

Dural tail sign

Flow void signal

0.983 (0.940–1.027)

0.423 (0.126–1.425)

2.812 (0.640–12.358)

1.111 (0.182–6.796)

1.103 (0.093–13.135)

1.875 (0.110–32.010)
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0.611 (0.118–3.157)
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1.077 (1.017–1.141)

1.004 (1.000–1.008)

1.235 (1.021–1.493)

1.120 (0.242–5.186)

0.353 (0.089–1.402)

3.234 (0.930–11.252)
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Figure 3 Univariate analysis for intraoperative blood loss. Bold represents the variables where P<0.05. CBFM, the cerebral blood flow of 
meningiomas; CI, confidence interval; nCBF, normalized cerebral blood flow; VRTB, the volume ratio between tumor and total brain.
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Figure 4 Stepwise multivariable logistics regression for 
intraoperative blood loss. CI, confidence interval; nCBF, 
normalized cerebral blood flow; VRTB, the volume ratio between 
tumor and total brain. 
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Figure 5 ROC curve for the differential diagnosis of intraoperative 
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blood flow; ROC, receiver operating characteristic; VRTB, the 
volume ratio between tumor and total brain.
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Table 3 Diagnostic performances of different parameters to predict intraoperative blood loss

Parameters AUC Cut-off score Sensitivity (%) Specificity (%) Accuracy (%) PPV (%) NPV (%)

VRTB 0.751 3.293% 70.6 74.2 72.9 60.0 82.1

nCBF 0.683 1.817 88.2 51.6 64.6 50.0 88.9

Combined 0.867 – 94.1 74.2 81.2 66.7 95.8

AUC, area under the curve; nCBF, normalized cerebral blood flow; NPV, negative predictive value; PPV, positive predictive value; VRTB, 
the volume ratio between tumor and total brain.

Table 4 Comparison between receiver operating characteristic curves by DeLong’s test.

Parameters Combined-VRTB Combined-nCBF VRTB-nCBF

Difference between areas 0.116 0.184 0.068

Z statistic 1.648 2.586 0.551

P value 0.099 0.010 0.582

nCBF, normalized cerebral blood flow; VRTB, the volume ratio between tumor and total brain.

management (26), as increased IBL has been found to be 
associated with increased morbidity and mortality (27). 
Therefore, reduction of IBL during resection of intracranial 
meningiomas has been an important focus of the surgical 
team, such as meningioma embolization, ethmoidal artery 
ligation, temporary external carotid artery clamping, and 
intratumoral hydrogen peroxide injection. However, there 
is a lack of reference criteria for which patients should 
undergo such preoperative measures. In the present study, 
we obtained CBF information using 3D pCASL and 
employed logistic regression to analyze the relationship 
between IBL and the CBFM, nCBF, anatomy information, 
imaging features of the meningioma, or the clinical 
information of patients.

Our findings revealed that higher nCBF and VRTB 
were significant independent predictors of higher IBL. The 
results were as expected: patients with larger volumes of 
meningioma or higher nCBF are more likely to experience 
a higher IBL during surgery. Furthermore, the AUC, 
sensitivity, and specificity were enhanced when both VRTB 
and nCBF were integrated. The DeLong test demonstrated 
that the difference in AUC between the combined model 
and the nCBF was significant, indicating that the diagnostic 
efficacy for predicting IBL was better when the two factors 
were combined.

Previous studies have used molecular markers such as von 
Willebrand factor (vWF), hypoxia-inducible factor-1 (3),  
and vascular endothelial growth factor (VEGF) (28) to 
assess meningioma vascularity. However, these markers are 

not routine tests for patients with meningioma and have 
limitations. In addition, previous studies have evaluated 
IBL of meningioma using imaging biomarkers, such as 
meningioma vascularity index (MVI), T1 index, corrected 
relative cerebral blood volume (rCBV), and leakage 
coefficient (K2). Lagman et al. introduced the novel MVI, 
which quantifies the volume of flow void signal on T2-
weighted MR images. The MVI shows a correlation with 
IBL both before and after controlling for tumor volume 
(11,12). However, some researchers have raised concerns 
about potential inherent inaccuracies in these results due to 
the possibility of intratumoral calcifications (13). A higher 
frequency of flow void signals was observed in the subgroup 
of patients with higher IBL, in comparison to the subgroup 
of patients with lower IBL (52.94% vs. 25.81%). Although 
the difference between the high and low IBL subgroups 
was not statistically different (P=0.06), it may reflect a trend 
consonant with the findings of this study.

Furthermore, post-contrast T1WI is commonly used 
for diagnosing meningiomas, where studies have found 
correlations between the presence of enhancement and 
vascularity, as well as between enhancement volume 
and blood loss (29,30). Nguyen et al. calculated the T1 
index (defined as the average T1 contrast enhancement 
intensity across the tumor normalized to the value at the 
basilar artery) and found it to be an independent predictor 
of significant IBL (10). However, although contrast 
enhancement provides information about the disruption of 
the blood-brain barrier and vascular permeability in tumors, 
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it does not provide a true assessment of tumor vascularity 
(31,32).

Among various functional  imaging techniques, 
perfusion MR imaging is particularly sensitive in depicting 
microvasculature and neovascularization in tumors, 
enabling quantitative assessment of tumor vascularity (15). 
Kang et al. conducted a quantitative analysis of vascular 
formation and permeability in meningiomas using DSC 
perfusion MR imaging to predict IBL. The results revealed 
that rCBV and K2 were independent predictors of IBL/cm3 
(IBL per unit volume of meningioma) (13), and that higher 
rCBV may lead to higher intraoperative IBL. Supporting 
evidence from previous studies has shown that DSC-rCBV 
correlates with arterial spin labeling (ASL)-nCBF in tumor 
diagnostics (18,21). Our study indicates that meningioma 
patients exhibiting higher nCBF tend to have higher IBL 
during surgery.

3D pCASL is another perfusion imaging method 
that utilizes arterial blood water as an endogenous freely 
diffusible tracer (33). This methodology employs post-
labeling delay (PLD) between the application of the labeling 
pulse and image acquisition in order to allow for the labeled 
bolus to flow into the target tissue in the imaging region. 
For the purpose of CBF quantification using 3D pCASL, 
the ideal case is that the PLD is set just longer than the 
longest value of arterial transit time (ATT) present in 
the patient. Given the ATT varies between individuals, 
regionally, and between healthy and pathological tissue, 
the optimal PLD should be different accordingly (34-36). 
Consequently, the selection of PLD is a compromise, such 
that in the majority of cases, the ASL signal will accurately 
reflect CBF (37). It was considered that the relatively short 
PLD ASL was sensitive to the early arriving cerebral blood 
and offered a better signal-to-noise ratio (SNR) (38). In 
addition, the previous study demonstrated that the degree 
of change in cerebral circulation is more substantial at 
shorter PLDs than at longer PLDs (39). Consequently, the 
short PLDs are regarded as being suitable for detecting 
minor alterations in cerebral circulation and sensitively 
reflect hemodynamics (39,40). The PLD of 1,525 ms was 
utilized in the present study cohort, which is similar to that 
used in a previous study on meningiomas (41).

Our study revealed that nCBF values are significantly 
predictive factors of increased IBL in meningioma surgery. 
A substantial body of evidence exists demonstrating a 
correlation between CBF values obtained from ASL and 
intracranial tumor vascularity (14,42,43); consequently, 
ASL is capable of identifying hypervascular tumors and 

quantitatively analyzing tumor perfusion (6). Furthermore, 
IBL is closely associated with tumor vascularity and perfusion 
characteristics. The current research indicated that higher 
CBFM or nCBF values reflect increased tumor perfusion, 
which correlates with a trend towards increased IBL. A 
high correlation was identified between CBFM and nCBF, 
consistent with the findings of previous research (20). 
However, the OR for nCBF was greater in predicting IBL, 
suggesting that nCBF is a more effective predictor, which 
may be due to the fact that it reduces some individual 
differences (14). 

As in the case of Figure 6, both meningiomas exhibit 
a markedly heterogeneous enhancement on the T1C 
sequence. However, there is a notable discrepancy in 
perfusion between the two meningiomas on ASL imaging. 
In the case of the second patient (Figure 6E-6H), the 
meningiomas’ nCBF value of 13.365 leads us to surmise 
that the IBL is likely to exceed 400 mL. This inference will 
inform the clinicians to implement a suite of perioperative 
blood conservation strategies, including preoperative blood 
preparation, intraoperative autologous blood transfusion, 
pharmacological interventions, and possibly preoperative 
vascular embolization (12,13). In fact, the IBL for this 
patient was 700 mL, with a pathological diagnosis of 
angiomatous meningioma, characterized by an abundance of 
small blood vessels within the tumor tissue, thus presenting 
a higher perfusion level. In contrast, the first patient 
(Figure 6A-6C) showed a pronounced enhancement but a 
subdued perfusion level, with an nCBF value of 1.282 and 
an IBL of 100 mL. The pathological type is classified as a 
transitional meningioma, featuring common whirlpool-like 
structures and psammoma bodies, indicative of a mixture of 
meningothelial and fibroblastic cells. 

As indicated by the literature, it was found that gray 
matter regions exhibited lower CBF with age, and across all 
brain structures examined, CBF was noted to be higher in 
women compared to men (44). However, the present study 
did not reveal any statistically significant differences in 
CBFG between different age groups and genders. This may 
be attributable to the limited sample size of the study or 
alterations in cerebral hemodynamics due to the presence 
of meningiomas. Furthermore, our investigation revealed 
that men exhibited higher CBFM and nCBF compared to 
women, although this finding requires further validation. 
It is acknowledged that blood flow in meningiomas may be 
influenced by various factors, including the pathological 
histological type, feeding arteries, and size.

It is equally imperative to acknowledge that 3D pCASL 
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Figure 6 Representative images. (A,E) T2-weighted imaging. (B,F) Contrast-enhanced T1-weighted imaging. (C,G) Cerebral blood flow 
maps. (D,H) Pathological images (hematoxylin and eosin staining). (A-D) A 48-year-old female patient with transitional meningioma, the 
nCBF is 1.282 and the IBL is 100 mL. (E-H) A 36-year-old male patient with angiomatous meningioma, the nCBF is 13.365 and the IBL is 
700 mL. nCBF, normalized cerebral blood flow; IBL, intraoperative blood loss.

stands out among a plethora of imaging techniques, 
demonstrating its marked superiority. An important 
practical advantage of 3D pCASL is its ability to avoid 
the need for intravenous contrast agents, making it easily 
repeatable and applicable to a broader range of individuals, 
including those with gadolinium contrast allergies, renal 
dysfunction, and children (45,46). Additionally, 3D pCASL 
offers the immediate availability and ease of quantification 
of perfusion images without requiring extensive post-
processing (47). 3D pCASL, with its advantages of easy 
implementation and spatial coverage compared with single-
post labeling, has emerged as a preferred labeling technique 
for clinical imaging, demonstrating advantages in terms of 
clinical feasibility (17,46). Consequently, the preoperative 
application of 3D pCASL represents an accessible and 
efficacious technique for patients afflicted with meningioma. 
This non-invasive modality facilitates a profound 
comprehension of the hemodynamic characteristics within 
the tumor microenvironment, clinicians are endowed 
with the means to discern the blood flow patterns of 

meningioma, thereby enhancing the precision and foresight 
of surgical intervention protocols.

Multiple studies to this day have revealed a significant 
correlation between the volumes of meningiomas and IBL 
(9,10,12,13); larger tumor volume is considered a factor 
that predicts higher IBL, mirroring the results obtained 
from this study. Additionally, a readily available artificial 
intelligence technology platform was initially utilized in 
this study to calculate the total intracranial volume of 
patients, subsequently deriving the VRTB (meningioma 
volume divided by total intracranial volume). In this 
study, both tumor volume and the VRTB were identified 
as independent predictive factors for IBL. However, the 
OR value for VRTB exceeded that of tumor volume. This 
finding suggests that the association between VRTB and 
IBL may be more substantial than that observed with tumor 
volume. Furthermore, the AUC value for the combined 
predictive factors of nCBF and VRTB was significantly 
higher than that of nCBF alone in predicting IBL (DeLong 
P value =0.010), indicating that the diagnostic efficacy for 
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predicting IBL is enhanced when these two factors are 
considered in conjunction.

The study by Lü et al. revealed that the origin site 
of meningiomas was an independent risk factor for 
intraoperative bleeding in 93 patients (9). However, 
subsequent research has presented conflicting evidence, 
with studies indicating that the origin site is not related to 
IBL (10,13). The observed discrepancy in findings may be 
attributed to variations in the classification of meningioma 
sites across different studies. In this study, we categorized 
the meningioma sites into the skull base group and the non-
skull base group to investigate the potential correlation 
between meningioma location and IBL. However, the 
results failed to demonstrate a significant association 
between the meningioma location and IBL. This finding 
may be attributed to the limited dataset of this study, 
particularly the small sample size in the skull base group. 

In addition, it is possible that in meningioma surgery, 
the IBL is more dependent on whether or not the feeding 
arteries can be severed early in the surgery as opposed to 
on the attachment site. This underscores the significant 
impact of the craniotomy approach on IBL during 
meningioma surgery. A study by Costanzo et al. found 
a significant difference in IBL when removing anterior 
skull base meningiomas via the pterional approach and 
anterior interhemispheric approach (P=0.016), with 
the latter showing less blood loss (48). The position 
of the tumor’s feeding arteries determines their ease 
of identification and early interruption, and different 
craniotomy approaches affect access to these arteries (49). It 
is therefore hypothesized that certain approaches may offer 
better visualization and proximity to the tumor feeders, 
thus allowing for their early severance and a reduction in 
intraoperative bleeding.

Our study had some limitations. Firstly, it was a 
retrospective single-center study with a relatively small 
sample size, and future analyses should include a larger 
patient cohort. Secondly, despite the fact that all surgeries 
were performed by experienced senior surgeons and a 
standardized surgical approach of craniotomy and tumor 
resection was employed, there is a possibility that operator-
dependent bias may have still existed. Additionally, the use 
of a PLD of 1,525 ms may present limitations, particularly 
in the elderly population. ASL with multiple PLD methods 
can be a good choice to handle the impact of PLD on CBF 
quantification, which can provide additional information 
on ATT and be particularly helpful in areas of arterial transit 
delays. Furthermore, the variation in PLDs facilitates the 

distinction between early macrovascular signal and genuine 
hyperperfusion. However, these multi-PLD methods require 
more time, measurements, and processing (34). Nevertheless, 
the selection of 1,525 ms still reflects the vascular 
distribution and perfusion characteristics of meningioma to 
some extent, and our study remains significant as we are the 
first to reveal the correlation between ASL and IBL during 
meningioma surgery.

Conclusions

Our study utilized quantitative 3D pCASL perfusion 
MRI in conjunction with T2WI and T1C imaging to 
analyze the blood flow and morphological characteristics 
of meningiomas. The results indicate that the VRTB and 
nCBF values serve as promising non-invasive imaging 
biomarkers to predict IBL and guide meningioma surgery, 
and the diagnostic efficacy for predicting IBL was better 
when the two factors were combined.
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