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Breast ultrasound — Siemens Acuson

siemens.com TU Delft / Erasmus MC Netherlands
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Two Media - Boundary Conditions

Consider a plane wave traveling in the (x, y)—plane \
with wave vector k;, with velocity ¢c;: 91 (1, ) = I[(w)e 1T \
X

If the field meets a boundary between two media /_C ’]
with different speed of sound,

part of the field will be reflected: p';(r,w) = R(w)e 11T,
and part of field will be refracted: P, (r,w) = T(w)e ®%T,

Aty = 0, the following boundary conditions apply:
1) continuity of pressure: |p; + 'y = D, |

2) continuity of normal component of the particle poC = Z

velocity: |v{ + v’ = vy |

_ ZpcosVYy — Z; cos D,
~ Z,cos9q + Z; cos s

S — 27, cos;

- Z,c0sY; + Z;1cost,




Reflectivity versus quantitative imaging

Density
Compressibility
Absorption

!

I Tissue characterisation
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Heterogeneous media — field equations

Hooke's law: V-v(r,?) tp(ﬁ,l‘) =q(r,t)
Newton's law: Vp(g,t)tg(g,t)zj_f(g,t)
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Acoustic wave equation — forward problem

: R 1 R .
Wave equation: Vip(X,t) — Cz—(x_,)afp(x, t) = —SPT(Xt)
2 1 1
. 2 - w - rr=2 2 -
Helmholtz equation: V*p(x) + ——p(Xx) = =SP'(xX) + 0| 5 — = | p(x)
Chg Chg € (X)
=x (%)

Radon transform: Atg(y) = j ds(x)

1
c(X)

Parabolic approximation: .
P (ky, ky: zy + A) = p(ky, kyrZO) e z4 with k; = kmean + (k)% + kaz)/kaean

Integral equation: Born approx.: p > pinc
: —ik|X|
p(R) = P (R) — w? j 6 G =) 2@ () V@) with 6() = T
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Incident Field

Breast Ultrasound
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Forward versus Inverse Problem

Incident, scattered and total field

. Co .

ﬁinc (ﬁ, a)) E ﬁtot (l, C()) — ﬁlnc (L,a))
SOURCE O::;€> - — O RECEIVER

qurc (L, a)) ___________________________________________

sct (K, a))

ﬁinc (L, a)) ﬁtot (1, a)) — ﬁinc (L, a)) + ﬁsct (L, C())
SOURCE O: — O RECEIVER

ésrc (L, a))
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y [m]

Breast ultrasound

Synthetic data obtained by solving forward problem for each source.
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Inverse radon

Ray based Wave based
travel time travel time
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Inverse radon

« Bezier Curves: B(t)=(1-t)°P,+2t(1-t)P,+P,
« MUBI system

« >3MHz

* Ngrec = N X 128

M. Perez-Liva, et al, "Real-Time Ultrasound Transmission
Tomography based on Bézier Curves”, Speyer 2017



Parabolic approximation (QT Ultrasound)

plkek,,zy +A) = plk,,k,,z,) e ™"
Solution based on CG

Out of plane scattering

3D formulation (with parts in 2D?)

Wiskin et al. “3-D Nonlinear Acoustic Inverse Scattering:
Algorithm and Quantitative Results”, IEEE Trans. UFFC 2017.
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y [m]

Breast ultrasound

Synthetic data obtained by solving forward problem for each source.

Snapshot of Snapshot of
incident field total field

_ Y 20
> > ‘
Speed of 1 ] 0.1 00 Ring with
sound profile 0. | ] 04 0 0 80 receivers
1610 x [m] X [m]
-0.1 /
Of# . A-scan of A-scan of .
0 . sX19°_incident field , 5X10°  total field Pl‘lmal‘y
041 0 0.1 e _ Reflections
X [m]
0.5/ - i s
£ z ) x=U[p]
O O
- |
i | . 7
15 ' - q . .
0 0.2 0.4 0 0.2 0.4
t [ms] t [ms] TU Delft



Imaging: SAFT / SAR / DAS

Synthetic Aperture Focusing Technique
Synthetic Aperture Radar
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SAFT
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N.V. Ruiter, et. al. “The USCT reference database”, Speyer (2017) I U De I ft
N.V. Ruiter, et. al. “Fast reflectivity imaging in 3D using SAFT”, Speyer (2017)



Acoustic wave equation based inversion

Wave equation:

- 1 - -
Vip(X,t) — CZ_(x")atzp(x't) = —SPT(x,t)

Helmholtz equation:
2

V@) + p(@) = —SE) + 0 — - ——| @
p c,fgp chy  C2(®) P

—x(®)

B
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Inverse problem — Born inversion
(linearized inversion)

p(E) = P (3) — w7 [ 6 (F = ) £ () p] AV ()

Born Approximation:

p@) =P (@) — 02 [ 6 (= F) 1) P V)

p —p"¢ = —w?G * [yp™] (b=Ax) Conjuge gradient scheme

r, = psct _ a)ZG ¢ [aninc]
Xn = Xn-1+dy

T
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Linear or Born Inversion

Linear Inversion is an unstable process due to the Born-approximation.
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y [m]
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Wave equatlon

VZ (x t) CZ(f) at p(x t) :
_Spr(f' t) 10

« 2-D inversion 5

(3D too expensive)

« CURE system

(Karmanos Cancer Instltute)

1 Bent ray

1.39 1.51 163

vp ksl T T

tomography

Agudo, et al, “3D imaging of the breast using FWI", Speyer (2017)

FWI (f. =0.8 MHz)
(input: OFT)

FWI (f;,=0.8 MHz)
(mput TOFT)

15

15 0
X (em)

Figure 7: Recovered models of speed of sound obtained from the 2D in vive data after using a) FW1 at f;, = 500kH
and a constant water starting model, b) bent-ray tomography and FW1 with the time-of-flight model as a

starting model at ¢} fy = 8004 z and d) at f;, = S00&Hz. The maximum frequency for all FWI tests is

1.T5SMHz



Inverse problem — non-linear inversion

(full-waveform inversion — FWI — contrast source inversion — CSI )
PG =P () - 0 [ 6 G- 2) 2@ pE) D)

Born Approximation:

p(X) = p™(X) — w? j G (X —x) x(X) p™e(x) dV (")

Full non—linear inversion:
pE) = P 07 [6 G- F) W) DVE) P =~ w6 e w
w(@) = x@)PE) w = yptot

o = (0" — w6 = wa)[” [ = 2noa (b = 0?6 wi)|[
e’ sl

n

e
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Non-Linear Inversion

« Non-linear Inversion is a stable process as it uses the full wave equation.

n, =1024
it
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Non-linear inversion -
Regularization
ptot(?) — pinc(F) _ jG (? _ FI) a)zx(?/) ptot(?l) dV - TOta| VarlatIOn
- sparsity
Born Approximation:
P = D) — w? [ 6 (=) xG) 57 aV oW
4

Full non—linear inversion:

P = ) — 02 [G G =) WY AV pt = p — Gw

W) = x(@)prerE")

e — [P+ Gew ] flw® =y "THpT — G w)] |
”pinc” ”X(n—l)pinc” I o o o

e
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59%0 noise
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Frequency versus time domain

Tissue Type
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Transcranial Ultrasound
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Imaging other body parts

 State of the art: 3-D FWI of breasts and other body parts
as well the earth.

3D rendering of the SOS reconstruction of the human
knee.

Wiskin, et al. "Full wave 3D inverse scattering transmission ultrasound I U D e I f't
tomography in the presence of high contrast,” Sc/ Rep 10, 20166 (2020)



Whole body imaging

« Anatomical correlation of pig abdomen

Wiskin et al., "Whole-Body Imaging Using Low Frequency Transmission Ultrasound, Academic Radiology (2023) I U De I ft



Machine learning for tissue classification

« QT Ultrasound S g
- Based on 13 breasts -
- Tissue parameters only (?)/ = &8

« Problems will occur to apply
method to different systems

Attenuation

Tissue parameters and -
Texture.

_ Reflection Classified Image

B. Malik, et al. "Objective breast tissue image classification using I U De I f't
Quantitative Transmission ultrasound tomography," Scientific Reports, 2016



Machine learning for inversion

On synthetic data "
On real data -

Zhao et a/ 2023, “Simulation-to-real generalization for deep-learning-based refraction-corrected I U D e I ft

ultrasound tomography image reconstruction,” Phys. Med. Biol. 68 (2023)



Redatuming

« Computational load FWI is major downside.

« In seismics, Rayleigh II is used to propagate the wave
field downwards. Not feasible for curved surfaces.

« Kirchhoff would work on curved surface ... but requires
knowledge of both the pressure field and the velocity field!

« => Solution: Describe measurements using Hankel
functions.

e T
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Redatuming
(Vz ——2>1§(x,y,a)) = ( 207 + 10, + 05 + 1 w—2>p(r b, w) =0

p(r, ¢, w) =T(r,w)P(¢p)
®,(¢p) = a,e™ with neZ

02
( 202 4+ 10, +(r — N ))Fn(r,a))=0

[, (r,w) = bn1(a’)H(1)( c )+ an(w)H(l)( c )

pn(r; (.b) — anHr(ll) (ﬂ) en®

Cc

e R
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Redatuming
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Redatuming
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Redatuming
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Introduction

Field radiated by a point source / acoustic monopole [1]

Acoustic Monopole

[1] http://resource.isvr.soton.ac.uk/spcg/tutorial/tutorial/Tutorial_files/Web-basics-pointsources.htm T';U D I f't



Heterogeneous media — field equations

Hooke's law: V.X(L’t)-i_KOatp(K’t)
o V.X(U)tp(z’t)_qmt) - =q(z,t)+{’<o—K(K)}atp(z,t)

| | - Vp(bf)‘*‘/?oazz(ﬁ’t)
Newton's law: Vp(ﬁ,f)tl(bf)—f(ﬁ’t) = = f(r.0)+{py — p(r)}0,v(r.1)

Combining the above field equations yields the wave equation

1
Vp(r,t) — = 07p(r,t) = —{podeq(r,t) = V- £ (1, )}
Co < ,

-

r,t)
- ipo?’ﬂ)/_’c%m&: t) ~ VIigo L2y t)]}




Multi-parameter Inversion

w? .
@ =2 | GE =R IV R)
C
XIED

+iwpV - [, .0 GE =X )P (X)BO ) AV (R

55 (%) = ik V f CE — %) GO AV (7))
XreD R
VY- L GG = R GGV )
+ x? X VONR)

With the aid of redatuming we can now compute 75¢¢(X)
at the location of the receivers

U. Taskin et al, "Redatuming of 2-D Breast Ultrasound,” IEEE Trans Ultrason Ferroelectr Freq Control 6/(1)
U. Taskin et al, "Multi-parameter inversion with the aid of particle velocity field reconstruction,” JASA 47(6) T U D e I ft



Multi-parameter Inversion
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Transcranial Ultrasound
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Multi-parameter / joint inversion

acoustic

Can we
e use one reconstruction to enhance the other ”

in an iterative manner? /

electromagnetic

Multi-physics / multi-parameter / joint
inversion:

« simultaneous invert for multiple medium
parameters,

regularisation based on structural similarity.

B T
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Multi-parameter / joint inversion

Klemm et al., "Experimental and clinical results of breast cancer detection using UWB microwave radar," I U De I ft

2008 IEEE Antennas and Propagation Society International Symposium, 2008.



Multi-parameter / joint inversion

Acoustic

Electromagnetic TM

Vzp—

1

2

Co.4c

atzp:_'Spr_ZACatzp Wlth ZAC = 2
(i

Scs(lat)

1

1

0;4C

Cjc (K)

V’E -

2

1

O/E

Co.em

1 1

2 2
Co.en Crm (ﬁ)

= _Spr _ZEMatZE with ., =
%f_/
Ses(r:t)

V2E +

-

U Fourier Transform
w2

2
Co.em

E=S, - 1@ E+V|VIE]

U Integral Equation

E" +G*, (@ E-V [ VIE )

r

U Forward / Inverse

Forward
problem
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Multi-parameter / joint inversion
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Joint inversion
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Discussion and conclusion

SAFT i TS
« Echogenicity W e
« High frequency '
Geometric / Ray based methods

« Speed of sound and attenuation

« High frequency

« Many src/rec combinations

Born Inversion / Parabolic methods

« 2D - Neglects multiple scattering and phase shifts

« "Speed of sound & attenuation”

« Convergence

Full-Wave Form Inversion

« Taking advantage of multiple scattering and phase shifts
« Speed of sound & attenuation

« 3D - Computational heavy -> Low frequencies only

Machine learning

Multi-parameter / Joint Inversion 'ifu Delft



Thank you very much attention
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