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Ultrasound Contrast Imaging

Harmonic Image at 2f0

[Goertz et al., 2005]

Scheme of microbubble spectrum

Scheme of tissue spectrum

Ultrasound contrast imaging

Contrast agent: microbubble

→֒ High nonlinear behaviour

CTR = Emicrobubbles

Etissue
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Ultrasound Contrast Imaging

Harmonic Image at 2f0

[Goertz et al., 2005]

Scheme of microbubble spectrum

Scheme of tissue spectrum

Subharmonic imaging

Increase the CTR by using subharmonics
[Forsberg et al., 2000]
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Ultrasound Contrast Imaging

Subharmonic Image at f0/2

[Goertz et al., 2005]

Scheme of microbubble spectrum

Scheme of tissue spectrum

How to extract subharmonics ?

→֒ How to avoid the filter setting
(cuttoff frequencies...) ?

⇒ Optimal filtering

Goal: Experimental validation
[Sbeity, 2013]
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Hammerstein Decomposition:
Optimal filtering
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Optimal Wiener Filtering

Linear Model

ẑ(n) =

M
∑

m=1

hp(m)x(n−m)

Linear optimal filtering

Scheme of input spectrum

Scheme of output spectrum

Optimal Extraction of
Components

, Fundamental modelling

/ Harmonic modelling

/ Subharmonic modelling
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Optimal Harmonic Modelling

Hammerstein Model

ẑ(n) =

P
∑

p=1

M
∑

m=1

hp(m)xp(n −m)

Polynomial model

Frequency Shifting → Modulation

Scheme of input spectrum

Scheme of output spectrum

Optimal Extraction of
Components

, Fundamental modelling

, Harmonic modelling

/ Subharmonic modelling
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Optimal Harmonic Modelling

Hammerstein Model

ẑ(n) =
P
∑

p=1

M
∑

m=1

hp(m)x(n −m) ·

cos

(

2π
(p − 1)f0n

Fs

)

Frequency Shifting → Modulation

Scheme of input spectrum

Scheme of output spectrum

Optimal Extraction of
Components

, Fundamental modelling

, Harmonic modelling

/ Subharmonic modelling
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Solution 1: Input Modification

Scheme of modified input spectrum

Scheme of output spectrum

Subharmonic Hammerstein Model from [Boaghe, 2013] and
[Sbeity, 2013]

Method based on

ẑ(n) =
2P
∑

p=1

M
∑

m=1

hp(m)x(n −m) cos

(

2π
(p − 1) f0

2
n

Fs

)

Frequency Shifting of the Input of − f 0
2

, Fundamental , Harmonics / Subharmonics
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Solution 2: Output Modification

Scheme of input spectrum

Scheme of modified output spectrum

Subharmonic Hammerstein Model from [Sbeity, 2013]

ẑ(n) =

2P
∑

p=1

M
∑

m=1

hp(m)x(n −m) cos

(

2π
(p − 1) f0

2
n

Fs

)

Frequency Shifting of the Output of + f 0
2

Required to frequency shift the model to recover z(n)

, Fundamental , Harmonics / Subharmonics
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Experiments

Ménigot et al. (Tours, France) Subharmonic Extraction September 21, 2016 10 / 17



Introduction Hammerstein Experiments Discussions

Experimental Setup
Waveform generator Amplifier

5 MHz

Pulser receiverOscilloscope

Container10 MHz

Transmission / Reception

Transmission of a wave at 10 MHz by a 10 MHz-centred
transducer

Reception centred on subharmonic components at 5 MHz by a 5
MHz-centred transducer

Diluted solution of SonovueTM microbubbles
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Results
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Excitation
Microbubble
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Output 1
Model 1
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Model 2
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Subharmonics from model 1
Subharmonics from model 2
Subharmonics from standard filtering
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Results

Method 1 Method 2 Standard
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11.7 dB

Signal-to-Noise Ratio(SNR)

SNR Improvement by 4.5 dB

Comparison with a Butterworth filter
◮ Centre frequency 5 MHz
◮ Bandwidth of 40% at −3 dB
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Discussions and Conclusion
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Discussions and Conclusion

Scheme of modified input spectrum

Scheme of output spectrum

Optimal and automatic extraction of all the components
(harmonics, subharmonics and ultraharmonics)

Increase the SNR by 4.5 dB compared to a non-optimal
frequency filtering

A priori knowledge: only the transmitted signal and the order
of the subharmonics

Reasonable computation time (≈ 1 minute per 1000 samples)

Prospect: Subharmonic extraction on a whole image
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Discussions and Conclusion

Thank you for your attention

sebastien.menigot@univ-tours.fr emma.kanbar@etu.univ-tours.fr
ayache.bouakaz@univ-tours.fr jean-marc.girault@univ-tours.fr

Program example available on Runmycode.org
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Algebraic form

ẑ = WTh

Model ẑ = [z(M + 1), . . . , z(N)]T

Coefficients h = [h1(1), . . . , h1(M), h2(1), . . . , h4(M), ]T

Input Matrix W = [w1w2w3w4]

wp =











vp (M) vp (M + 1) . . . vp (N)
vp (M + 1) vp (M + 2) 0
.
.
. .

.
.

vp (N) 0 0











and vp (n) = w(n) cos



2π
(p−1)

f0
2

n

Fs





h =
(

W
T
W

)

−1
W

T
z

Subharmonic extraction

zsub = wT
1
hsub

with the odd coefficients hsub = [h1(1), . . . , h1(M), h3(1), . . . , h3(M)]T
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