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Waves in Complex Media

Multidisciplinary subject:
solid-state physics, optics, microwaves, acoustics, seismology, etc.

The propagation of waves in complex media is of fundamental interest
for many applications:
Imaging/sensing/communications/therapy/energy harvesting:



What About Imaging?

Optical microscopy Ultrasound imaging Seismology

Same limitations due to inhomogeneities
(aberrations/multiple scattering)

ERC Consolidator, Reminiscence
Project, 2019-2024




What About Imaging?

Optical microscopy

Same limitations due to inhomogeneities
(aberrations/multiple scattering)

Our holy grail:
Universal and non-invasive approach of
wave imaging in complex media

ERC Consolidator, Reminiscence
Project, 2019-2024
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W. Lambert, L. A. Cobus, M. Fink, A. Aubry, Phys. Rev. X (2020)
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UltraSOu nd Imag|ng Introduction
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The ultrasound image relies on a confocal beamforming scheme
It is an estimator of the medium local reflectivity

F. Bureau, E. Giraudat



Introduction

Limits of confocal imaging
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The image quality is often degraded by the mismatch between the propagation model
and the real speed-of-sound distribution inside the medium

[Duck, 1990] “Acoustics Properties of Tissue at Ultrasonic Frequencies”. Physical Properties of Tissues 7



Challenges for Transcranial Imaging Introduction
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—— Limits ———
(X) Attenuation

(X) Strong Aberrations
(X) Multiple Scattering

@ Reverberations

Highly = Drastic degradation
/\ heterogeneous of focusing
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Kirsch et al., 2013

Transcranial Doppler
. Acoustic
s N window
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Artefacts

In complex media, confocal imaging fails.
How to overcome the current limits of ultrasound imaging?

[Kirsch et al., 2013] " Advances in Transcranial Doppler US: Imaging Ahead.” RadioGraphics




Ultrasound Matrix Imaging

Quantifying the focusing process

3 4 5' 4

Flavien Bureau William Lambert




Ultrasound Matr|X Imaglng Matrix Imaging
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The reflection matrix contains the whole information available on the medium (static & linear)
It gives access to the medium response for each insonification.

[Prada & Fink, 1994] “"Eigenmodes of the Time Reversal Operator: A Solution to Selective Focusing in Multiple-Target Media”. Wave Motion 10
[Aubry & Derode, 2009] "Random matrix theory applied to acoustic backscattering and imaging in complex media”. Phys. Rev. Lett. 10



Matrix Imaging

Numerical Focusing
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@ Acquisition : Canonical Reflection Matrix R = [R(u,,, Wiy, t)]

@ Focusing in Post-processing L_.___|i
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Numerical Focusing

Matrix Imaging
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@ Acquisition : Canonical Reflection Matrix R = [R(u,,, Wiy, t)]

@ Focusing in Post-processing L_.___|i
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How to probe aberrations in speckle?
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Matrix Imaging

Matrix Imaging
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@ Focusing in Post-processing L_.___|i

0 Amplitude 1

[

Focused Reflection Matrix Ry = [R(r, .5, Iin)]

Impulse responses between virtual sources and
recelvers located inside the medium

|
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D) . E Ballistic time
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Decoupling of input and

Projection of ultrasound data in a focused basis at a given depth
output focal spots

[Lambert et al, 2020] "Reflection Matrix Approach for Quantitative Imaging of Scattering Media”. Phys. Rev. X 13



Matrix Imaging

Matrix Imaging
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Focused Reflection Matrix Ry = [R(r1, 1)1 5&5&5&5&&

Impulse responses between virtual sources and receivers 0 Amplitude 1
located inside the medium
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At a given depth z

The focused reflection matrix contains much more information
than a mere confocal image

X F. Bureau

Ultrasound phantom

[Lambert et al, 2020] "Reflection Matrix Approach for Quantitative Imaging of Scattering Media”. Phys. Rev. X 14



Matrix Imaging

Matrix Imaging SOOI

Focused Reflection Matrix Ry = [R(r, .1, Iin)] 555555&5&

Impulse responses between virtual sources and receivers 0 Amplitude 1
located inside the medium

Diagonal elements

"‘i'i_'_"@"" 10 0 10

. ) . Off-diagonal elements ® Xip [mm]
- Focusing quality

The focused reflection matrix enables us to probe
the focusing quality and aberrations

But aberrations are 3D distributed... Fantome ultrasonore

[Lambert et al, 2020] "Reflection Matrix Approach for Quantitative Imaging of Scattering Media”. Phys. Rev. X 15




Matrix Imaging

From 2D to 3D Matrix Imaging 0900000
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[Bureau et al, 2023] “"Three-Dimensional Ultrasound Matrix Imaging”, Nature Commun.
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Matrix Imaging

Transcranial Imaging Experiment
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[Coudert et al, 2024] "3D Transcranial ultrasound localization microscopy reveals major arteries in the sheep brain”, IEEE UFFC 17

[Bureau et al, 2025] “Ultrasound matrix imaging for 3D transcranial in-vivo localization microscopy”, Science Advances (to be published) - arXiv:2410.14499



Matrix Imaging

Quantification of Aberrations and Multiple Scat.
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[Coudert et al, 2024] “"3D Transcranial ultrasound localization microscopy reveals major arteries in the sheep brain”, IEEE UFFC 18

[Bureau et al, 2025] "Ultrasound matrix imaging for 3D transcranial in-vivo localization microscopy”, Science Advances (to be published) - arXiv:2410.14499



Quantification of Aberrations and Multiple Scat. 7 ™™
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[Bureau et al, 2025] "Ultrasound matrix imaging for 3D transcranial in-vivo localization microscopy”, Science Advances (to be published) - arXiv:2410.14499




Overcoming Aberrations

Adaptive focusing in post-processing

3 4 5' 4

Flavien Bureau William Lambert




Overcoming Aberrations

0000000

Adaptive Focusing

Time delay laws dictated by
the speed-of-sound model

Degraded focal spot
(emission & reception)

21



Overcoming Aberrations

Adaptive Focusing

0000000

How to find the adapted focusing law?

Time detay laws adapted [ Bright scattereri\j]

to the medium
heterogeneities ’P
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Diffraction-limited Ultrasound

focal spot Guide St
(ideal PSF) Hidae star

[Babock et al, 1953] "The Possibility of Compensating Astronomical Seeing.” Astronomical Society of the Pacific 22



Overcoming Aberrations

Adaptive Focusing
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How to find the adapted focusing law?

Time detay laws adapted )
‘o thé edium P [ Bright scattereri\j]
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[Babock et al, 1953] "The Possibility of Compensating Astronomical Seeing.” Astronomical Society of the Pacific 23



Overcoming Aberrations

Adaptive Focusing
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How to find the adapted focusing law?

Time detay laws adapted i RS
to thé medium P [ Bright scattereri\j] [ Ultrasound speckle i' ]
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[O’'Donnel & Flax, 1988] "Phase-Aberration Correction Using Signals from Point Reflectors and Diffuse Scatterers : Measurements.” IEEE TUFFC
[Robert & Fink,2008] “"Green’s Function Estimation in Speckle Using the Decomposition of the Time Reversal Operator : Application to Aberration Correction in Medical Imaging.” JASA
[Montaldo et al, 2011] “Time Reversal of Speckle Noise.” PRL 24



Overcoming Aberrations

Compensating for Aberrations

Time reversal of  Geometric component _
aberration law = Model Focusing law

0000000

(v) Isoplanatic area

(X) Beyond the isoplanatic area

= need to learn the aberration
law for each isoplanatic area
= estimate the inner T-matrix

Isoplanatic area — ]
= Spatial invariance of
aberrations

The focusing law is only valid over a restricted isoplanatic area

[O’'Donnel & Flax, 1988] "Phase-Aberration Correction Using Signals from Point Reflectors and Diffuse Scatterers : Measurements.” IEEE TUFFC
[Robert & Fink,2008] “"Green’s Function Estimation in Speckle Using the Decomposition of the Time Reversal Operator : Application to Aberration Correction in Medical Imaging.” JASA
[Montaldo et al, 2011] “Time Reversal of Speckle Noise.” PRL 25



Overcoming Aberrations

Compensating for Aberrations 0000000

MAAS + PR ) - ST

Time reversal of  Geometric component _
aberration law = Model Focusing law

(v) Isoplanatic area

(X) Beyond the isoplanatic area

= need to learn the aberration

law for each isoplanatic area
= estimate the inner T-matrix

Isoplanatic area — ]
= Spatial invariance of
aberrations

e Today A

;li Estimation of Aberration Laws in post-
processing: high flexibility

7 Iteration of the aberration correction
K() process for each isoplanatic area

[Chau et al, 2019] “A Locally Adaptive Phase Aberration Correction (LAPAC) Method for Synthetic Aperture Sequences”. Ultrasonic Imaging
[Lambert et al, 2020] “"Distortion matrix approach for ultrasound imaging of random scattering media”. PNAS

[Bendjador et al, 2020] “The SVD Beamformer: Physical Principles and Application to Ultrafast Adaptive Ultrasound”. IEEE TMI 26
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[Bureau et al, 2025] “Ultrasound matrix imaging for 3D transcranial in-vivo localization microscopy”, Science Advances (in press) - arXiv:2410.14499



p-bubble injection
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[Errico et al, 2015] “Ultrafast ultrasound localization microscopy for deep super-resolution vascular imaging”, Nature.

28

[Bureau et al, 2025] “Ultrasound matrix imaging for 3D transcranial in-vivo localization microscopy ”, Science Advances (in press) - arXiv:2410.14499.



Overcoming Aberrations

Towards Super-Resolution
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Viewpoint 1 Viewpoint 2

‘60 _—Ah‘_diB'

z (mm)

Circle of Willis Duplicated vessel Single vessel

Besides repositioning large vessels, UMI reveals a complex network
of small vessels on top of the Willis polygon.

29

[Bureau et al, 2025] “Ultrasound matrix imaging for 3D transcranial in-vivo localization microscopy”, Science Advances (in press) - arXiv:2410.144989.



Beating Diffraction

Passive Seismic Matrix Imaging
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Beating Diffraction

0000000

Passive Seismology

Passive Seismic Imaging - Analysis of ambient seismic noise

Seismic noise sources:
« Natural: wind, precipitation, ocean, volcanic activities,...

« Anthropic: transport, industrial activities,...

Grobbe et al., 2021

[Lobkis and Weaver, 2001] « On the Emergence of the Green’s Function in the Correlations of a Diffuse Field. » JASA

[Campillo and Paul, 2003] « Long-Range Correlations in the Diffuse Seismic Coda. » Science

[Wapenaar 2004] « Retrieving the Elastodynamic Green’s Function of an Arbitrary Inhomogeneous Medium by Cross-Correlation. » PRL 31
[Shapiro et al., 2004] « Emergence of Broadband Rayleigh Waves from Correlations of the Ambient Seismic Noise. » GRL



Passive Seismology in Reflection oG SHecien

0000000

Passive Seismic Imaging - Analysis of ambient seismic noise

/ et st @ Recording of seismic noise
\
vV v Vv

Geophone array

B @ Cross-correlation Green’s function

B
W ®IMMI :<—FrothoA —

b3 1t 23

~ equivalent to: A emits a pulse and B records é

the induced wave-field (or reciprocally) 1

r :
@ No active source @ Large network of sensors
@ Lower environmental impact (\/> More flexibility = volcano

. J

Seismic noise correlation can provide the Earth response associated with the geophone network

[Lobkis and Weaver, 2001] « On the Emergence of the Green’s Function in the Correlations of a Diffuse Field. » JASA

[Campillo and Paul, 2003] « Long-Range Correlations in the Diffuse Seismic Coda. » Science

[Wapenaar 2004] « Retrieving the Elastodynamic Green’s Function of an Arbitrary Inhomogeneous Medium by Cross-Correlation. » PRL 32
[Shapiro et al., 2004] « Emergence of Broadband Rayleigh Waves from Correlations of the Ambient Seismic Noise. » GRL



Beating Diffraction

Reflection Seismology

0000000

Specular Reflection Scattering

Récepteur

Interface between geological units, rocks Local variations of density and/or elasticity

etc.

Heterogeneous rocks, damaged areas,
fractures, fluids etc.

The presence of scatterers can allow the imaging of complex structures

such as volcanoes or fault areas .



Limits of conventional migration techniques

Beating Diffraction

Propagation Model

vYYYYy Receiver

0000000

Reality

Homogeneous wave velocity model Multiple scattering Heterogeneous velocity Multiple reflections
Single scattering regime

Depth « Echo Time
Z = Cot/z

|

Phase distorsions

[ Dept Loss of Resolution and Contrast

Same issues in ultrasound and seismic imaging.
= Exploit Matrix Imaging to overcome those limits

34



Passive Imaging of La Soufriere

Array of 76 geophones
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Passive Measurement of the Reflection Matrix
Seismic data collected and cross-correlations processed by Arnaud Burtin

[Burtin et al., 2018] Dense Seismic Monitoring of La Soufriere de Guadeloupe Hydrothermal System. https://www.fdsn.org/networks/detail/ZK_2017/
[IPGP 2021] Data collection of the seismological and volcanological observatory of Guadeloupe https://doi.org/10.18715/GUADELOUPE.OVSG 35



Redatuming Process

Geophone Array velocity model ¢,
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[Dorrel et al., 1979] « Coupes sismiques des structures superficielles dans les petites antilles - I: Guadeloupe ». Pure and Applied Geophysics
[Berryhill, 1984] * Wave-Equation Datuming Before Stack.” Geophysics

[Berkout and Wapenaar, 1993] “A Unified Approach to Acoustical Reflection Imaging. II: The Inverse Problem.” JASA
[Blondel et al., 2018] " Matrix Approach of Seismic Imaging: Application to the Erebus Volcano, Antarctica.” JGR Solid Earth 36



Focused Reflection Matrix

Geophone Array Focused Reflection Matrix R,(2)

depth z=1600 m
2 @dep

2
X Mv
.

Outl

5

virtual receiver ryut

virtual source ry,

\—Px Focal plane at depth z —

0 1

The focused reflection matrix contains the impulse responses between
virtual geophones in the underground

[Blondel et al., 2018] " Matrix Approach of Seismic Imaging: Application to the Erebus Volcano, Antarctica.” JGR Solide Earth
[Touma et al., 2021] “A distortion matrix framework for high-resolution passive seismic 3-D imaging: application to the SJFZ, California.” GJI 37



Focused Reflection Matrix

Geophone Array Focused Reflection Matrix R,(2)
@depth z=1600 m
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The focused reflection matrix contains the impulse responses between
virtual geophones in the underground

[Blondel et al., 2018] " Matrix Approach of Seismic Imaging: Application to the Erebus Volcano, Antarctica.” JGR Solid Earth
[Touma et al., 2021] “A distortion matrix framework for high-resolution passive seismic 3-D imaging: application to the SJFZ, California.” GJI

38



Confocal Image (reflectivity)

Confocal Image
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[Blondel et al., 2018] " Matrix Approach of Seismic Imaging: Application to the Erebus Volcano, Antarctica.” JGR Solide Earth
[Touma et al., 2021] “A distortion matrix framework for high-resolution passive seismic 3-D imaging: application to the SJFZ, California.” GJI 39



Focusing Quality

RPSF
Focusing quality
_ _ 1 (sparse medium)
Focused Reflection Matrix
hz=1
_ @depth z=1600m | RPSF o¢ PSFy, (—Ar)XPSF, . (Ar)
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= diffraction limit I
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0>J output focusing
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o

The inaccuracy of the wave velocity model
-40 hampers wave focusing and prevents the
visualization of the volcano internal structure

[Blondel et al., 2018] " Matrix Approach of Seismic Imaging: Application to the Erebus Volcano, Antarctica.” JGR Solid Earth
[Touma et al., 2021] “A distortion matrix framework for high-resolution passive seismic 3-D imaging: application to the SJFZ, California.” GJI 40



Focusing quality

transverse

: RPSFs
cross-sections

depth

Coupe verticale ¥ \4

[Giraudat et al., 2024] “Matrix imaging as a tool for high-resolution monitoring of deep volcanic plumbing systems with seismic noise.” Communications, Earth & Environment 41



Aberration laws from the Earth surface

Dual reflection matrix

R (ugu, Tin) Earth surface basis (u)
> M«WN [ Dense and regular virtual geophone network I
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[Giraudat et al., 2024] “Matrix imaging as a tool for high-resolution monitoring of deep volcanic plumbing systems with seismic noise.” Communications, Earth & Environment 42



Aberration laws from the Earth surface

Dual reflection matrix Distortion matrix Spatial correlation Phase conjugation
R (uoutr rin) D (uout» rin)

Aberration law T'(u)

[ Projection ]
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[Giraudat et al., 2024] “Matrix imaging as a tool for high-resolution monitoring of deep volcanic plumbing systems with seismic noise.” Communications, Earth & Environment 43



Aberration compensation from the Earth surface

Original Corrected

RPSFs

Transverse  RpSFs Transverse amplitude  Phase
cross-section : e - - ; .....Ccross-section

z=1.6 km

Profondeur

6.9 km

Parabolic
phase law

The resolution dictated by the network aperture is not sufficient to visualize
the internal structure of the volcano beyond 4 km-depth

[Giraudat et al., 2024] “Matrix imaging as a tool for high-resolution monitoring of deep volcanic plumbing systems with seismic noise.” Communications, Earth & Environment 44



Analysis of wave distortions from Fourier basis

Analysis of the wave-field in the sparse medium:

plane wave basis (k) Few isolated scatterers
_ at each depth
R (koutr I‘in)

[Giraudat et al., 2024] “Matrix imaging as a tool for high-resolution monitoring of deep volcanic plumbing systems with seismic noise.” Communications, Earth & Environment 45



Analysis of wave distortions from Fourier basis

Analysis of the wave-field in the Distortions sparse medium:
plane wave basis (k) Few isolated scatterers
_ D (kyue tin) at each depth
R (Kout, Tin) outr Tin
(kout) ----------------------------------------------------

Projection of each
scatterer contribution on
different parts of the
spatial frequency
spectrum

U

Anisoplanicity

Lateral de-scan

[Giraudat et al., 2024] “Matrix imaging as a tool for high-resolution monitoring of deep volcanic plumbing systems with seismic noise.” Communications, Earth & Environment 46



Analysis of wave distortions from Fourier basis

Analysis of the wave-field in the Distortions
plane wave basis (k) B
E (koutr rin) D (koutr l'in)
(Kout) --------- g
:‘%”?4\

Lateral de-scan

Parabolic phase law

/i\ , PSF modulation by high spatial frequencies
@’ . = Virtual increase of the Obtained suppart

geophone network aperture

Milieu sparse
Quelques diffuseurs isolés a
chaque profondeur

Projection of each
scatterer contribution on
different parts of the
spatial frequency
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Focusing law (k)

Diffraction-limited
Support 6,
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Diffraction Compensation from the Fourier basis

Correction from the Earth surface Correction from the plane wave basis

Transverse RPSFs Transverse  RpSFs
cross-sections _ cross-sections

10.5 km

-t T
Fresnel rings

Correction from the plane wave basis provides a resolution of the order of 1/2
over the whole field-of-view

[Giraudat et al., 2024] “Matrix imaging as a tool for high-resolution monitoring of deep volcanic plumbing systems with seismic noise.” Communications, Earth & Environment 48



Three-dimensional image

Confocal Image Matrix Image
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Three-dimensional isosurface
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Internal structure of the volcano
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Caricchi et al., 2015

Conceptual views
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[Caricchi & Blundy, 2015] " The Temporal Evolution of Chemical and Physical Properties of Magmatic Systems.” GS
[Cashman et al., 2017] “Vertically Extensive and Unstable Magmatic Systems: A Unified View of Igneous Processes.” Science
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High-Resolution Imaging of Fault Areas

San Jacinto (California)
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Revealing the fault position in depth
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Beating Diffraction

Advantages and Limits of Matrix Imaging

0000000

« Robust to data quality and rough velocity model in contrast with
full wave-form inversion

« Scalar model (P- or S-wave) — Mode conversion not taken into account

« No compensation of wave velocity dispersion and reverberations, so far...

[ Seismic imaging ] [ Ultrasound imaging ]

Multiple

Wections
A

Multi-layered geological structure Transcranial imaging
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Deep Optical Imaging

Harnessing Forward Multiple Scattering
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Ulysse Najar Paul Balondrade Victor Barolle N. Guigui




Harnessing Forward

Deep Optical Imaging (104;) Multiple Scattering

0000000

350-um-thick extremely opaque human cornea £;~35 um

Epithelium = 50
_ Bowman's WSS =100
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£,: transport mean free path | membrane  JRIGHE

Yz (um) O

Yo eeee9e— Endothelium

OCT image is strongly impacted by aberrations and
multiple scattering
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Harnessing Forward

Full-field Compensation of Aberrations Multiple Scattering
0000000

RPSF

initial

U. Najar et al., Nat. Commun., 2024



Harnessing Forward

Full-field Compensation of Aberrations Multiple Scattering
0000000

Aberration
transmittance

T (u)

RPSF

initial corrected

U. Najar et al., Nat. Commun., 2024



Harnessing Forward

Full-field Compensation of Aberrations Multiple Scattering
0000000

Phase conjugation of the aberration
transmittance enables a compensation of
isoplanatic (low-order) aberrations

Aberration
transmittance

RPSF

RPSF

“initia

initial corrected Subsistence of high-order aberrations

Multiple scattering ?
U. Najar et al., Nat. Commun., 2024



Harnessing Forward

Manifestation of Multiple Scattering Multiple Scattering
0000000

Maps of local RPSFs Radial average
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Diffuse
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M.P. van Albada and A. Lagendijk., Phys. Rev. Lett., 1985
W. Lambert et al.., Phys. Rev. X, 2020 U. Najar et al., Nat. Commun., 2024



Harnessing Forward

Manifestation of Multiple Scattering Multiple Scattering
0000000

T T T

Maps of local RPSFs Radial average
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Diffuse
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350-pum-thick 3
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The CBS peak can act a false guide star

M.P. van Albada and A. Lagendijk., Phys. Rev. Lett., 1985
W. Lambert et al.., Phys. Rev. X, 2020 U. Najar et al., Nat. Commun., 2024



Harnessing Forward

Multi-Scale Analysis of Wave Distortions Multiple Scattering
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Harnessing Forward

T_matrix Focus|ng Multiple Scattering
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Harnessing Forward

Optical Matrix Imaging Multiple Scattering

0000000

Three-dimensional
confocal imaging
10° voxels, 1 s

Opaque cornea

Paul Balondrade
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Embryo Segmentation & Quantification

zona
pellucida

nucleus

cell

V. Barolle, et al., arXiv:2410,11126 (2024)




Towards Quantitative Imaging

Wave velocity and scattering mfp

2

Flavien Bureau




Quantitative Matrix Imaging

Scanning the speed-of-sound
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Correct speed-of-sound hypothesis Incorrect speed-of-sound hypothesis
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[Bureau et al, 2024] “"Reflection matrix imaging for wave velocity tomography”, arXiv:2409.13901



Scannlng the Speed_of_sound Quantitative Matrix Imaging
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Quantitative Matrix Imaging

Speed-of-Sound Estimation Cececeo

Ultrasound phantom

0

10
g

20 =
e

30 &
E

40

50

-10 0 10
7~ N\ x [mm]
Time (t) ====frmmmemmemm——m e
Xin
~

R (t, Lin )

[Bureau et al, 2024] “"Reflection matrix imaging for wave velocity tomography”, arXiv:2409.13901
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Quantitative Matrix Imaging

Speed-of-Sound Estimation

0000000

Ultrasound phantom
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Quantitative Matrix Imaging

Speed-of-Sound Estimation Sceeoec

Ultrasound phantom
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[Bureau et al, 2024] "Reflection matrix imaging for wave velocity tomography”, arXiv:2409.13901
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Speed-of-Sound Estimation

Quantitative Matrix Imaging
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Speed-of-Sound Estimation

Quantitative Matrix Imaging

Ultrasound phantom
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Speed-of-Sound Estimation

Quantitative Matrix Imaging
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Speed-of-Sound Estimation

Quantitative Matrix Imaging
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A difficult-to-image patient liver

F. Bureau et al., arXiv: 2409.13901 (2024)



Integrated Speed-of-Sound Map
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F. Bureau et al., arXiv: 2409.13901 (2024)



Integrated Speed-of-Sound Map
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F. Bureau et al., arXiv: 2409.13901 (2024) M.Jakovljevic et al., J. Acoust. Soc. Am. (2018)



Integrated Speed-of-Sound Map
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Quantitative Matrix Imaging

Quantitative Matrix Imaging 0000080

Speed-of-sound Tomography

(in reflection)

A crucial bio-marker
for breast cancer

Liver US image Speed-of-sound
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[Bureau et al, 2024] "Reflection matrix imaging for wave velocity tomography”, arXiv:2409.13901
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Single Scattering Projection

@ ¥ /\ CI“*::“_
Cl Projection onto Ch bR
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8 ¢< S . single scattering . "
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gy e , 1
CI :{',:"',«" CI
Total intensity Single scattering intensity

I(t) = Tr[RORT@)] () = Tr[Rs(O)Rs' ()]

Is(t)
1(t)

Single scattering rate — | ps(t) = =1 — py(t)| «— Multiple scattering rate

C. Brutt et al., Phys. Rev. E (2022) A. Goicoechea et al., Phys. Rev. Lett. (2024)



Quantitative Ultrasound Imaging

Local Multiple Scattering Rate
_USImage
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W. Lambert, et al., IEEE Trans. Med. Imag. (2022)



Quantitative Ultrasound Imaging

Local Multiple Scattering Rate

US Image Multiple Scattering
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Reliability index of the US image

W. Lambert, et al., IEEE Trans. Med. Imag. (2022)



Quantitative Ultrasound Imaging

Local Multiple Scattering Rate A novel characterization tool
Discrimination Scattering/Absorption
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A. Aubry and A. Derode, JASA (2011)
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What about our mesurement?

@ (R L single scattering total intensity

scatterin
| ST &
source CI

I5(t) = Tr[Rs(DRs ()] 1(t) = Tr[R(ORT(D)]
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1
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41, 41,

Exponential time-decay of the single scattering rate: ps(t)~e 3¢t/4%s

Independent measurement of absorption and scattering losses!

A. Goicoechea et al., Phys. Rev. Lett. (2024)



In-vivo measurement of ¢ in liver

Multiple scattering is far from being negligible in liver

7o fo=44+4mm (b)

256 transducers
5-10 MHz
pitch 0.2 mm

single scattering intensity

A. Goicoechea

Single scattering rate robust to reflectivity fluctuations
Potential bio-marker of liver disease !

A. Goicoechea et al., Phys. Rev. Lett. (2024)
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Conclusion

G0|ng Beyond ft & Perspectives
e00000
Multi-Conjugate Adaptive Focusing Exploit time/frequency degrees of freedom
Address complex wave trajectories Harness wave diffusion
Retrieve a highly-resolved map Exploit multiple scattering for high resolution and
of refractive index deeper imaging
g HEE

B O ) [ O [ o

S. Kang, et al., Nat. Commun. (2023)
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Conclusion

Going beyond Isoplanicity

Exploit Medium Dynamics

J. Scholler et al., Light Sci. Appl., 2019



Conclusion

Going beyond isoplanicity & Perspectives
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Conclusion

Going beyond isoplanicity SR
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Conclusion

Going beyond isoplanicity | Basie

Spatial correlations (X) Temporal correlations ()
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[Zhao et al., 1992] “"Phase Aberration Correction Using Echo Signals from Moving Targets I: Description and Theory”. Ultrasonic Imaging

[Osmanksi et al., 2012] “Aberration correction by time reversal of moving speckle noise”. IEEE TUFFC 91



Conclusion

Going beyond Isoplanicity & Perspectives

a Spatial correlations (X) Temporal correlations (v)
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Harnessing Spatio-Temporal d.o.f
Towards a compensation of multiples

Elsa Giraudat




Academic Experiment

Spatio-temporal focusing

Confocal image
(u) Model ¢y = ¢

CiRs

Muttipy,
Utrasoung ppamtt-Tssue

Tissue-mimicking
phantom

Speed-of-sound
cp =1540m - s71

X [mm]

Correct
wave velocity model

i

N

0000000

Focal distance

Imaging plane
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The confocal image is a correct estimator of the medium reflectivity

Acquisition performed by Laura Cobus
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Spatio-temporal focusing

Academic Experiment

0000000

wrong wave velocity model ¢,

confocal image + reverberations
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Revereberations drastically degrade the ultrasound image
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Acquisition performed by Laura Cobus 96



Spatio-temporal focusing

Probing the temporal dispersion of echoes

0000000

Fgcused Reflection Matrix
Ry = [R(xoutr Xin» Z)]

Spatial spreading

of focal spots ~——— Beamforming process
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Spatio-temporal focusing

Probing the temporal dispersion of echoes

0000000
Focused Reflection Matrix Time-resolved Focused R-matrix
Ry = [R(Cx 0 Xin, 2)] R (7) = [R(ry,1, rin.]
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Ballistic time Beyond ballistic time

Time-resolved responses between each couple of virtual sources and detectors

[Lambert, 2020] " Matrix Approach for Ultrasound Imaging and Quantification.” Thése de Doctorat, Université PSL 98



Spatio-temporal focusing

0000000

Probing the temporal dispersion of echoes

Fgcused Reflection Matrix Time-resolved Focused R-matrix
Ry = [R(Cx 0 Xin, 2)] R (7) = [R(ry,1, rin‘]

Generalized beamforming process

o ~ = o 7 N
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Ballistic time Beyond ballistic time

Time-resolved responses between each couple of virtual sources and detectors

[Lambert, 2020] " Matrix Approach for Ultrasound Imaging and Quantification.” Thése de Doctorat, Université PSL 99



Spatio-temporal focusing

Self-Portrait of the Focusing Process

0000000

¢ Tissue-mimicking Phantom Bright Scatterer

Right model ¢,

Time 7 = -5.2 us

Az [mm]

Focusing at the expected
ballistic time t* = 0 us

Argyt

No temporal dispersion

©

Az [mm)]

The time-resolved reflection matrix provides propagation movie
associated with the echo reflected by the scatterer at point r;,
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Spatio-temporal focusing

Self-Portrait of the Focusing Process

0000000

4 Tissue-mimicking Phantom Speckle

Right model ¢,

Time 7 = -5.2 us

Az [mm]

Az [mm]

The coherent wave is hidden by random fluctuations due to
ultrasound speckle and multiple scattering
101



Spatio-temporal focusing

Self-Portrait of the Focusing Process

0000000

4 Tissue-mimicking Phantom  Correlation of movies between
' Right model ¢, different speckle grains  ¥¥

Time 7 = -5.07 us
H 0.7

Focusing at the expected
ballistic time t* =0 us
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No temporal dispersion

Set of points rj,

Az [mm)]

The coherent average over several realizations of disorder provides the coherent wave
in ultrasound speckle
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Spatio-temporal focusing

Self-Portrait of the Focusing Process
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4 Phantom + Plexiglass
Wrong propagation model
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Spatio-temporal focusing

Self-Portrait of the Focusing Process

0000000

4 Phantom + Plexiglass
Wrong propagation model

Temps 7 = -15.5 ps
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at time t* ~ —12 us o >
= defocus
Temporal tail of echoes A
0 X P : ———@— == T" ~ =12 us
= reverberations &=
& © i A
éi — — Q\_’

20 mm

The time-resolved reflection matrix enables us to
probe the temporal dispersion of echoes induced
by the reverberating layer

B ) How to use this information to compensate for
this detrimental effect ?

104



Spatio-temporal focusing

Time compensation of reverberations

0000000

7 Phantom + Plexiglass Time response of the virtual coherent

reflector in speckle Y¥ \

~

Frequency
150 -
L
3 2
— <
2 =
5
R 0
1F
T [ps] £
Ballistic echo S
=
20 mm Multiple 1 0 :
_ 3 3.5 4 4.5 )
Estimation area of the Multiple 2 f [MHz]
focusing law in speckle

A J

Az lmm

Time reversal of the temporal dispersion law can be leveraged to compensate for defocus
and reverberations induced by the plexiglass layer

105



Spatio-temporal focusing

Time compensation of reverberations

0000000

Conventional Image Matrix Image
Co = 1540m - s~1 Full-field Correction

Experiment
Plexiglass - Phantom

20

0 Corrected defocus

10 Multiples partially compensated

Residual anisoplanatic aberrations

z [mm

60

80

-20 0 20 -20 0 20
x [mm] x [mm]

Time reversal allows us to recompress in time the backscattered echoes.
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Spatlo—TemporaI FOCUSlng LaWS Spatio-temporal focusing

0000000

Field-of-view
subdivision

2.0 2 -2 0 2
k, [rad-mm™!]

g \ Anisoplanatic spatio-temporal
= . responses extracted in speckle
4.5 O and for bright scatterers

0 Module 1

2 2 0 2 -2 0 2

—7C Phase Tt k, [rad-mm™!]

Independent correction of each frequency component of the wave-field
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Spatio-temporal focusing

Local Spatio-Temporal Focusing Laws

0000000

Conventional Image Full-field time reversal Local spatio-temporal
Co = 1540m - s~ 1 focusing

-20 -20

0 -20

x [mm] ° x [mm]

X [mm]

Local spatio-temporal focusing laws allows a fine compensation of multiple reflections
and improves the image contrast
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Spatio-temporal focusing

0000000

Transcranial imaging

Head phantom experiment

Linear probe
Phased array

L
o

Heterogeneous skull

Strong attenuation

Strong aberrations

Reverberations

Spatio-temporal focusing

Original Correction

20

J

~—— Spatio-Temporal Focusing Laws (Bright Scatterers) —
60
or or .
3 : = =
[ — i o e = - .
0 1 E g E ?‘ﬁ —0 -20 0 20 -20 0 20
Module Sasp W Sast § {3 x [mm] x [mm]
- | - | " TR
| — -40 dB -10
—7C TC 10 ’ -
Bright scatterers
Phase s 5 @ J
2 0 2 50 5 2 0 2 50 5 ® Speckle
L ky [rad-mm~!] Ax [mm] ky [rad-mm™!] Ax [mm] k j

)

Lack of isoplanicity to ensure the convergence towards a satisfying spatio-temporal focusing law in speckle

Data acquisition by William Lambert at SuperSonic Imagine
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Spatio-temporal focusing

The isoplanatic limit

0000000

In strongly heterogeneous media, the convergence towards a satisfying
focusing law is not guaranteed
= The range of the memory effect is too small

l'iln . 5‘;\4§ @ o /\/\/\ Loi d’aberration

2
Lip

ri3n D Coherent average over several

speckle grains Virtual coherent reflector

A Requires a sufficient number of focusing points r;, located in the same isoplanatic patch
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Dynamic Matrix Imaging

Towards an ultra-local compensation of aberrations

R

Elsa Giraudat




Dynamic Matrix Imaging

0000000

Isoplanatic aberrations

Spatial Correlations @

!
AR

4 Correlated )
QQQQQQQQQ wave-front distortions
A\\‘/ :QN
- Y,
U
e p

. ) Aberration law
® @ _ |
. & | o /\/\/\

------------ Virtual coherent reflector

Isoplanatic ~'{ Correlation !
patch :

———————————
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Dynamic Matrix Imaging

Anisoplanatic Aberrations

0000000
| Spatial Correlations ®
\r? . f\) X
) 4 Un-correlated h
o o e e e e e wave-front distortions
T REP
S ’
. U
R ._._ %i:'. e ~N
» @ i‘ii &
(\ 4

———————————

patch

———————————

Lack of isoplanicity makes adaptive focusing and matrix imaging fail
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Dynamic Matrix Imaging

Anisoplanatic Aberrations 000000

Spatial correlations ® Temporal correlations @
(A
I;V\ '/\) ”“ r \ /\ /1
Un-correlated Correlated
QQQQQQQQQ wave-front distortions , QQQQQQQQQ wave- fro;t’:stortlons

T REOH o
. t . \_ ) 5 .
R U C A
______________ - ) ﬁ/\/\/\
k ’ - / Hypothesis
Isoplanatic Correlation ! Dynamic Medium | Static aberrations |

(
|
[ patch ] < { area I Moving scatterers

[Zhao et al., 1992] “"Phase Aberration Correction Using Echo Signals from Moving Targets I: Description and Theory”. Ultrasonic Imaging

[Osmanksi et al., 2012] “Aberration correction by time reversal of moving speckle noise”. IEEE TUFFC 114



Dynamic Matrix Imaging

0000000

Anisoplanatic Aberrations

| Spatial correlations (X) Temporal correlations ()
LMk AL
NV b \ 4 A > 4‘ | ( Correlated )

Un-correlated
QQQQQQQQQ wave-front distortions . wave-front distortions

-y | | * ) P NV )
A .______:_I e ~ . E - e ~
® @ _ .

@ TAVAVAN
o Y, P T - Y,
k o L /}/Frames HYDOtheSis _
Isoplanatic < .{ Correlation ! | Static aberrations |
patch {_ __area

Exploit temporal decorrelation of speckle to obtain independent QE
focusing laws for each point of the medium



Dyna M |C Tra NSCran |a| Imag | ng Dynamic Matrix Imaging

0000000
Collaboration with Antoine Coudert & Oliver Couture ‘!IB
@

Laboratoire d’imagerie Biomédicale

~——— Pre-clinical experiment ” ~
' Dynamic : Repeated acquisition of the reflection matrix

i

Voumetric imaging

g

Matrix probe : : : N Time
Frame #
J
( Ultra-fast imaging constraints N\ Objective 2
!
Frame rate Wiy “ \”}f w/ Dynamic focused reflection YL
| \ | ’; "7 ~ S
5 emissions RXAP
Diverging waves Source 1 2 3 4 > Ultra-local compensation of wave-distortions

- J - J
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Dynamic Matrix Imaging

Extraction of dynamic signals

0000000

Original Image _ o Dynamic Image
Pixel reflectivity at each frame #

x1073

z mm
a8
1
S
—
z mm

dB

021 ‘

0.2 0 0.2 -2 0 2
Re () x1073
Before extraction random
After extraction
-40 ]
< =10 -5 () 5 10
x [mm| x [mm|

Filtering static component

Edyn (rout» Lin, #n) = E(routr Tin, #n) _ <E(routr Tin, #m)>me[n—2:n+2]

[Coudert, 2023] « Développement de la microscopie de localisation ultrasonore volumétrique et transcranienne adaptée pour I’humain ». Thése de "Doctorat, Sorbonne Université 117



Dynamic Matrix Imaging

0000000

Aberration Matrix

Map of aberration laws

Extraction of aberration laws k,
in speckle 30 — Ik
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Correction of dynamic images SYRSMIE HatCATaging

0000000

__Original

Fra Frame C Frame D

30 mm

20 mm
N 2
-30 dB 0

Drastic gain in contrast and resolution allows a better detection and localization of bubbles
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Dynamic Matrix Imaging

Correction of dynamic images

0000000

Power Doppler image Characteristic Doppler frequency
= Flow = Velocity

Original Corrigé Original Corrigé

88

Hz

31

Drastic gain in contrast and resolution provides a better detection and localization of bubbles
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Thank you !!!



