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Incidence:
no. 1 for cancer cases in women (31%)

Mortality:
no. 2 for cancer deaths in women (15%)

Leading Sites of New Cancer Cases and Deaths 2022 EstimatesBreast cancer



Screening by mammography + lesion biopsy
12% suspicious of which 4% positive  many unnecessary biopsies

MRI advised for high-risk groups
Complemented by B-mode ultrasound

Challenge: lesion classification
• Elastography1

• Doppler2

• CEUS3,4

• Multiparametric5,6
1 Zhi et al. Academic Radiology 2010
2 Stanzani et al. Clinics 2014
3 Wang et al. European Radiol 2016
4 Zhao et al. OncoTargets and Therapy 2017
5 Kapetas et al. Invest Radiol 2019
6 Li et al. UMB 2020

Diagnostics and screening



Objective: CEUS imaging of breast cancer

Cancer angiogenesis
Folkman et al. Nature 1989
Brawer et al. J Cell Biochem 1992
Weidner et al. Am J Pathology 1993
Russo et al. BJU Int 2012

Angiogenic microvasculature shows increased
• Density
• Tortuosity
• Irregularity
• Arteriovenous shunting

Rationale: cancer growth requires angiogenesis



Liu et al. Gland Surgery 2019 Wang et al. European Radiol 2016

Heterogenous/irregular 
hyperenhancement malignancy

CEUS features of breast cancer



15 years of research on prostate cancer…
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Convective dispersion modeling

Contrast Ultrasound Dispersion Imaging 
(CUDI)

Prostate CEUS
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Convective dispersion modeling

Kuenen et al. IEEE T-MI 2011
Mischi et al. IEEE T-UFFC 2012 
Kuenen et al. IEEE UMB 2013
Kuenen et al. IEEE T-UFFC 2013
Kuenen et al. IEEE T-BME 2014
Schalk et al. IEEE T-UFFC 2015
Schalk et al. IEEE T-BME 2017
van Sloun et al. Med Im Analysis 2017
van Sloun et al. IEEE T-MI 2017
Wildeboer et al. IEEE T-MI 2018

Dispersion estimators

Contrast Ultrasound Dispersion Imaging 
(CUDI)



Contrast Ultrasound Dispersion Imaging 
(CUDI)



Mannaerts et al. BJUI 2020

Biopsies targeted by CUDI 
compared to systematic 
biopsy and mpMRI targeted 
biopsies in 142 patients

CUDI targeted biopsies



48 patients
B-Mode, CUDI, SWE

Mannaerts et al. BMC Urology 2018
Mannaerts et al. J Urology 2019

2D multiparametric ultrasound 
(mpUS)



Automatic zonal segmentation by deep learning

van Sloun et al. Eur Urol Focus 2019



Machine learning

Wildeboer et al. Eur Radiol 2019

(Random forest classifier)

48 patients
B-Mode, CUDI, SWE

Mannaerts et al. BMC Urology 2018
Mannaerts et al. J Urology 2019

2D multiparametric ultrasound 
(mpUS)



CUDI Histology

Schalk et al. IEEE T-UFFC 2015; Schalk et al. UMB 2018
Wildeboer et al. IEEE T-MI 2018; Wildeboer et al. UMB 2019

3D CUDI

Advantages
• Entire gland in one go
• Faster clinical workflow
• Complete kinetic modeling



Vascular reconstruction by tractography

van Sloun et al. Nature Scientific Reports 2018

CUDI HistologyTractography

3D CUDI



Features
• B-Mode – LogiqE9 (RIC9-5 probe)
• CUDI – LogiqE9 (0.3 Hz, MI = 0.1, 2.4 mL SonoVue)
• SWE – Aixplorer (multiplane 3D reconstruction)

54 patients compared to 12-core SBx

3D mpUS: prediction of biopsy outcome

Chen et al. IEEE IUS 2021



Features
• B-Mode
• CUDI
• SWE

54 patients compared to 12-core SBx

Machine learning
(Gradient boosting)

3D mpUS: prediction of biopsy outcome

Chen et al. Euroson 2022

ROC curve area*

CUDI 0.81 ± 0.12

SWE 0.66 ± 0.12

CUDI + SWE 0.85 ± 0.11
*9-fold cross validation



• 120 patients (18-82 years, average: 52 years)
• B-Mode + CEUS + biopsy
• October 2015 - September 2016

Breast cancer data – 2D CEUS

B-mode CEUS

CEUS setting
• Siemens Acuson S3000
• Linear transducer (9L4HD) 
• CPS at 4 MHz
• MI ≤ 0.07
• 4.8-mL bolus of SonoVue



Enhancement heterogeneity

Benign breast lesion with 
low enhancement heterogeneity

Malignant breast lesion with 
high enhancement heterogeneity



CEUS enhancement grade

Grade 4, Hypo-enhanced

Grade 1, Hyper-enhanced 

Grade 3, Poorly enhanced

Grade 2, Partly enhanced

Quantitative enhancement grading
• Enhancement ratio*
• Average enhancement*

*At peak enhancement



CUDI spatiotemporal analysis of CEUS loops

1.5 cm × 1.5 cm

peripheral pixel

pixel outside 
the kernel

central pixel
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TIC in central pixel

TIC in peripheral pixel

0.5 mm1-1.5 mm

Similarity between time intensity curves (TICs)



Mutual information (𝑰𝑰)
Schalk et al. IEEE TBME 2016

Conditional entropy (𝑯𝑯)

Correlation coefficient (𝒓𝒓)
Kuenen et al. IEEE TUFFC 2013

Spectral coherence (𝝆𝝆)
Mischi et al. IEEE TUFFC 2012
Kuenen et al. UMB 2013
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CUDI spatiotemporal analysis of CEUS loops
Similarity between time intensity curves (TICs)



Results - Mutual Information
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Results - pixel level classification

Statistics of parameter difference at the pixel level

Parameter Benign Malignant p value

Patients of 
grade 1

(45/120)

Correlation coefficient (𝑟𝑟) 0.115 
± 0.077

0.088 
± 0.082

0.043

Spectral coherence (𝜌𝜌) 0.478 
± 0.201

0.416 
± 0.222

0.127

Mutual information (𝐼𝐼) 0.547 
± 0.253

0.478 
± 0.201

<0.001

Conditional entropy (𝐻𝐻) 5. 263 
± 0.357

5.525 
± 0.315

<0.001

Grouped 
patients of 
grade 1 or 2

64/120

Correlation coefficient (𝑟𝑟) 0.103 
± 0.076

0.085 
± 0.080

0.189

Spectral coherence (𝜌𝜌) 0.441 
± 0.208

0.412 
± 0.216

0.362

Mutual information (𝐼𝐼) 0.473 
± 0.266

0.322 
± 0.252

0.002

Conditional entropy (𝐻𝐻) 5.351 
± 0.359

5.543 
± 0.299

0.002



Results - Lesion classification

Table 3 Comparison of diagnostic performance of spatiotemporal parameters
Parameter Sensitivity (95% CI) Specificity (95% CI) AUC P value

Lesions of grade 1
(45/120)

Correlation coefficient (𝑟𝑟) 89.3% (72.5 96.9) 64.7% (40.5 86.7) 0.743 0.010
Spectral coherence (𝜌𝜌) 67.9% (48.3 82.7) 82.3% (57.3 100) 0.724 0.015
Mutual information (𝐼𝐼) 85.7% (68.2 96.4) 94.4% (68.8 100) 0.893 <0.001
Conditional entropy (𝐻𝐻) 78.6% (60.8 92.9) 88.2% (41.7 100) 0.874 <0.001

Grouped lesions of grade 1 or 2
(64/120)

Correlation coefficient (𝑟𝑟) 80.5% (66.7 90.5) 66.5% (37.8 75.0) 0.704 0.008
Spectral coherence (𝜌𝜌) 63.4% (48.2 76.3) 75.9% (53.0 91.7) 0.670 0.034
Mutual information (𝐼𝐼) 90.2% (79.6 97.5) 82.6% (61.2 94.5) 0.848 <0.001
Conditional entropy (𝐻𝐻) 78.1% (62.6 89.7) 78.3% (56.0 90.0) 0.817 <0.001



• CUDI spatiotemporal analysis of enhancing breast lesions (64/120) shows good classification 
performance, especially by mutual information (AUC=84.8%, Se=90.2%, Sp=82.6%)

• More quantitative parameters should be evaluated that reflect the complex perfusion 
patterns in breast lesions

• Hypoenhancing lesions call for a multiparametric approach involving other complementary 
features (texture, geometry, stiffness)

• 3D CEUS is expected to provide more accurate classification with motion compensation

Conclusions
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