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ABSTRACT

Quantitative images showing the speed of sound profile of the breast may be obtained by employing full-waveform
inversion (FWI) methods on the measured data. These reconstruction methods work well for both dense and
normal breasts. Contrast source inversion (CSI) is a frequency domain FWI method. In literature, many
examples of successful application of CSI for breast imaging can be found. However, all these works are based on
simulated data. In this work, we will present our first results obtained with employing CSI on experimental data.
CSI was developed by Delft University of Technology and the experimental data was provided by FUJIFILM
Healthcare Corporation. The experimental data is obtained using a ring-shaped transducer which scans a
breast-mimicking gelatine phantom. Our initial results obtained with CSI look promising; all inclusions within
the phantom are accurately reconstructed.

Keywords: breast ultrasound, contrast source inversion, full-wave inversion

1. INTRODUCTION

Breast cancer is the most common type of cancer among women.1 Many studies have shown that early detection
and early diagnosis aid to an increase in the overall survival rate.2 For this reason, national screening programs
using mammography have been introduced in the past.3 However, mammography has several drawbacks such as
a low sensitivity with dense breasts.4 This drawback is of great importance since breast density is a well-known
risk factor.5 This problem could be avoided by using ultrasound as a screening modality. Moreover, ultrasound is
known to work well with dense breasts as well as that the acoustic properties of the tumour deviate significantly
from the surrounding healthy tissue. These observations have resulted in the development of ultrasonic water
bath scanning systems. With these systems tomographic scans of the breast are made. Some of these systems
have already been tested in a clinical setting.6–8 With a water bath scanner, the breast is scanned from all sides,
and transmission and reflection measurements are done simultaneously. From this data, three kind of images
can be generated; reflectivity, speed of sound, and attenuation images. Reflectivity images reveal information
about the echogenicity of breast tissues, whereas, speed of sound and attenuation images provide quantitative
acoustical material properties of the breast tissues. Consequently, in the ideal case, tissue characterization and
cancer diagnosis are done by combining these three images.9

It is known that full-wave inversion methods (FWI) are the best imaging methods to generate accurate speed-
of-sound images.10 FWI methods account for most wave phenomena during the reconstruction at the cost of
a high computational complexity due to the non-linearity. Fortunately, FWI methods have the advantage that
they may reconstruct high-resolution images containing quantitative information about the tissue parameters.
The FWI method used in this work – contrast source inversion (CSI) – is based on solving the scattering
integral equation and works in the frequency domain.11 Most other FWI methods are based on time-domain
finite-difference modeling methods. These time-domain methods usually require a denser spatial sampling as
compared to the scattering integral based methods in order to satisfy the Courant condition and to avoid effects
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such as numerical dispersion. In addition, for the frequency-domain methods only a few frequency components
are usually sufficient to conduct the inversion, which makes CSI computationally attractive.12–14

In this work, we investigate the application of CSI on a real measurement. Measurement data is acquired
from a circular setup that is built by FUJIFILM Healthcare Corporation.15,16 The paper is organized as follows.
In section 2, the theory behind CSI is explained briefly. Please refer to the cited literature for an extensive
explanation of CSI.17 In section 3, initial results obtained with CSI is presented. In section 4, a conclusion and
future direction of the work is given.

2. THEORY

In this work CSI is used as a frequency domain two-dimensional FWI method. With CSI, the inversion procedure
consist of minimizing the object and data equations which read

p̂(x) = p̂inc(x) + ω2

∫
D
Ĝ(|x− x′|)ŵ(x′)dA(x′), x ∈ D, (1)

and

p̂sct(x) = ω2

∫
D
Ĝ(|x− x′|)ŵ(x′)dA(x′), x ∈ S, (2)

where p̂(x), p̂inc(x), and p̂sct(x) are the total, incident and scattered pressure fields respectively; x denotes a
position in R2; D is the spatial domain that includes the object and that is enclosed by the boundary S; ω is
the angular frequency; Ĝ(|x−x′|) is the Green’s function for the homogeneous embedding; ŵ(x′) is the contrast
source that is defined as

ŵ(x′) = χ(x′)p̂(x′), (3)
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Figure 1. Source excitation profile in time (left) and frequency (right) domain. The red asterisks indicate the four
frequency components used in CSI.
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where χ(x′) is the contrast function that reads

χ(x′) =
1

c2(x′)
− 1

c20
, (4)

where c(x′) and c0 are the speed of sound of the medium and the homogeneous embedding respectively. In this
work, it is assumed that the mass density ρ(x′) is constant in the whole medium. However, it is also possible to
reconstruct both speed of sound and density profiles accurately18 with the aid of the redatuming methods earlier
developed.19,20

With CSI, the unknown contrast source is updated using an iterative scheme that minimizes the cost function
E that equals

E = ηS‖p̂sct − LS[ŵ]‖2S + ηD‖χp̂inc − w + χLD[ŵ]‖2D, (5)

where ηS and ηD are normalization terms, and where LD and LS are integral operators derived from equations
(1) and (2), respectively.

In the conventional implementation of CSI the cost function E is minimized for a limited number of fre-
quency components simultaneously. That might be problematic when the cycle skipping for the higher frequency
components is dominating the inversion process. To avoid cycle skipping, frequency hopping is used frequently.
Since CSI works in the frequency domain, frequency hopping implementation is straightforward. With the fre-
quency hopping implemented, CSI is started with the lowest frequency component only. The reconstructed
contrast source term for this frequency component inversion is successively used as a starting model for the next
frequency component. Continuing this way, all the selected frequency components are used for the inversion se-
quentially. Having already a good starting model for the higher frequency components helps to reduce artefacts
in the image due to cycle skipping. In this way high resolution reconstructions may be obtained.21

3. RESULTS

3.1 Measurement setup

The employed measurement setup includes a 1024 element circular array transducer with a radius of 5 cm and an
element pitch of 0.3 mm. The center frequency of the system is around 1.69 MHz. The source excitation profile
is shown in Figure 1. Our initial inversion result is obtained using the four frequency components indicated by
the red asterisks. Those four components are selected from the lower part of the available bandwidth to avoid
cycle-skipping problems. Measured data is acquired using the oil-gel based breast mimicking phantom shown in
Figure 2. The phantom has a diameter of 51 mm and contains four inclusions with diameters varying from 3
mm up to 10 mm.

A full measurement consist of 128 source locations equally distributed along the circle. For each excitation
of the source, the pressure field is measured by 768 receiving elements equally distributed along the circle. Note
that, for CSI it is advantageous to have more receivers than sources.22 An example of the raw data for a
measurement in water is shown in Figure 3. Note that, the signal is heavily distorted by noise before 2.3 µs and
after 8 µs. That’s why those parts are removed from the data and not used during reconstruction.

3.2 Reconstruction

CSI results using the four frequency components (see Figure 1) after 256 iteration is shown in Figure 4. All four
inclusions are clearly visible in the reconstructed speed of sound profile. For this measurement, the phantom is
placed in water and the inclusions in the phantom are filled with salty water. The temperature is 25◦C. At this
temperature, the oil-gel phantom has a lower speed of sound then the water, whereas the salty water has higher
speed of sound then the water.16 Our reconstruction result is in agreement with this information. It can be seen
from the reconstructed image that the inclusions are brighter which indicates higher speed of sound values, while
the phantom itself is darker which indicates a lower speed of sound value.

The reconstruction shown in Figure 4 is not perfect as a final result. However, we believe that it is quite
promising as an initial result. Note that this image is obtained using only a limited part of the available data.
It is expected that the reconstructed image will improve by using more data. For example, the noise in the
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background can be suppressed by using more frequency components during the inversion at the cost of an
increase in computing time. Additional improvements may be achieved by using a different starting model23 or
by using advanced pre-processing and optimization/regularization methods.18–20,24,25

4. CONCLUSION

Contrast source inversion (CSI) is applied on experimental data acquired with a realistic measurement setup.
Promising initial reconstruction results have been obtained by processing the measured data with CSI. It is
expected that these results will improve by increasing the number of sources or frequency components.

In this work, we only show initial result of CSI for a realistic measurement setup. A full reconstruction that
includes all data and uses advanced (pre)-processing, optimization and regularization methods is left for future
work. With a full reconstruction, a comparison with other FWI methods can be made as well.
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Figure 3. An example of a measured pressure field in dB in water for a single source and 768 receivers in time domain.
Note that, the first part (t < 2.3 µs) and the last part (t > 8 µs) are suppressed as these parts were heavily contaminated
with noise.
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