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[ Abstract| Objective: To develop a nomogram integrating contrast-enhanced ultrasound (CEUS) and contrast-enhanced magnetic

resonance imaging (MRI) to evaluate the risk of peritumoral infiltration in glioblastoma (GBM). Methods: Data from patients with

GBM who underwent surgical treatment at the Department of Neurosurgery, Huashan Hospital, Fudan University, between March
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2021 and March 2023 were retrospectively collected. Preoperatively, grayscale ultrasound and fused contrast-enhanced MRI were
used to delineate the tumor core. CEUS was subsequently used to identify infiltrative regions and quantify the hemodynamic
characteristics of both infiltrated and adjacent normal brain tissue. Measurements were normalized using contralateral normal-
appearing white matter as the reference. Hemodynamic parameters across regions were compared using the Mann-Whitney U test or
analysis of variance, with Bonferroni correction. A multivariate logistic regression model was developed to create a nomogram
visualizing infiltration risk; its performance was evaluated using calibration curves, decision curve analysis, and receiver operating
characteristic curves. Results: A total of 16 patients with pathologically confirmed GBM were included, and 136 regions of interest
were extracted from both normal and infiltrated brain tissue. Compared with normal tissue, infiltrated regions showed significantly
higher peak intensity (P<0.001), area under the time-intensity curve (P=0.013), and normalized peak intensity (P<0.001), as well as
lower rise time (P=0.010) and normalized time to peak (P=0.010). Multivariate analysis revealed that peak intensity (P<0.001), area
under the curve (P<0.001), normalized peak intensity (P<0.001), and normalized time to peak (P=0.015) were independent
predictors of peritumoral infiltration. The logistic regression model incorporating these four variables demonstrated strong predictive
performance. The Hosmer-Lemeshow test yielded a statistic of 8.851 (P=0.355), indicating good model calibration. Decision curve
analysis demonstrated a net clinical benefit when the predicted peritumoral infiltration probability ranged from 8% to 91%. The
model achieved an area under the receiver operating characteristic curve of 0.806, indicating good diagnostic accuracy. Conclusion
The nomogram combining fused CEUS and contrast-enhanced MRI provides a reliable tool for quantifying peritumoral infiltration
in GBM and supports non-invasive, intraoperative risk prediction.

[ Key words ] Glioblastoma; Contrast-enhanced ultrasound; Magnetic resonance imaging; Fusion image; Infiltration
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Fig.1 Workflow for ultrasound-CE-MRI fusion and quantitative CEUS analysis
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Fig.2 Flow chart of patients enrollment
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Tab.1 Ultrasound and clinical characteristics of the patients
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2 Bk 28 Tt GBM, IDHT/:7
3 Ltk 61 Tt A% GBM, IDHT§/: 7
4 Bk 72 Wit A% GBM, IDHTH:%
5 ik 75 it R4 GBM, IDHEFHM
6 i 59 Wit K GBM, IDH /=%
7 Fk 51 Wi B4 GBM, IDHEfAER
8 Fk 40 il RA  GBM, IDHZRZAER
9 FE 48 HH REA&  GBM, IDHRAER
10 T 65 W JRA GBM, IDHEFAER
11 itk 68 HH R4  GBM, IDHRAER
12 2tk 68 it JEA  GBM, IDHT/ER
13 B/ 63 Wt WA GBM, IDHTFA:HI
14 bk 65 et WA GBM, IDHEFHAT
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Tab.3 Quantitative analysis of CEUS parameters in infiltrated versus normal brain regions

BUE (95% CI)
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Tab.4 Univariate and multivariate logistic regression analysis of infiltration-related factors
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Nor_PI 2.022 0.436 <0.001 7.551 (3.210~17.761) 1.711 0.387 <0.001 5.535 (2.591~11.825)
Nor RT 0.974 0.514 0.058 2.648 (0.968~7.247)
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Nor_TIC-AUC 0.200 0.159 0.208 1.222 (0.895~1.669)

PI: UE{E58%; RT:

TFEtE] s TTP: JKUEME]; TIC-AUC: a3 B8 fh 2k ih 28 R il Nor: Frifiifk,

TR 95% BEGIKEIFIR  HfEl 95% BfSIXE ER - P

PI 1.061 1.098 1.136 <0.001 .
RT 0.870 0.984 1.113 0.802 -
TTP 0.830 0918 1.016 0.099 -
TIC-AUC 1.021 1.038 1.054 <0.001
Nor_PI 3.210 7.551 17.761 <0.001 —
Nor_RT 0.968 2.648 7.247 0.058 — -
Nor_TTP 0.090 0.294 0.962 0.043——
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Fig.4 Forest plot of the 95% CI for each risk factor
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Tab.5 Risk factors for peritumoral infiltration and diagnostic performance of the prediction model

(A SSES AUC (95% CI) TR REE SR FF A T FF P T (i
PI 0.703 (0.643~0.764) 0.603 0.551 0.654 0.581 0.593
TIC-AUC 0.633 (0.566~0.699) 0.581 0.390 0.772 0.482 0.559
Nor PI 0.663 (0.599~0.727) 0.585 0.522 0.647 0.557 0.575
Nor TTP 0.571 (0.503~0.639) 0.548 0.493 0.603 0.521 0.543
G IE] 0.806 (0.756~0.857) 0.724 0.662 0.787 0.706 0.699

PI: E(H58E; TIC-AUC: HFH-5# M2 ihdk Fmifl; Nor: brififb.
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