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Figure 4.16: Axial velocity field vz for the experimental data, soft cyst scenario at 300 Hz (left),
500 Hz (middle) and 1000 Hz (right).

Figure 4.17: k-space for the experimental data, soft cyst scenario at 300 Hz (left), 500 Hz (middle)
and 1000 Hz (right).

Figure 4.18 shows the shear wave velocity maps for the experimental soft cyst scenario using

the excitation frequencies 300, 500 and 1000 Hz. The method fails to display the cyst in the

expected region. Table 4.5 shows the mean value and standard deviations of the shear wave

speed inside and outside the cyst. The estimated shear wave speeds are almost identical at all

frequencies. At 300 Hz they are close to the expected value for the cyst, while at 1000 Hz they are

close to the expected value outside the cyst.

Frequency [Hz] cs inside [m/s] cs outside [m/s]
300 6.24±1.01 6.49±1.31
500 4.88±0.20 4.96±0.25

1000 7.96±0.60 7.95±0.56

Table 4.5: The mean wave speeds inside and outside of the cyst in the maps of the soft, experi-
mental data in Figure 4.18 with one standard deviation
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Figure 4.14 shows the velocity field of the two first detected components when a 300 Hz vi-

bration signal is used. The first component (4.7 m/s) does not correspond to any of the expected

shear wave velocities, but may indicate the area inside the cyst. The second component (14.2

m/s) does not correspond to any of the expected shear wave velocities, and it does not correlate

with any specific area.

Figure 4.18: Shear wave velocity map for the experimental data, soft cyst scenario at 300 Hz
(left), 500 Hz (middle) and 1000 Hz (right).

the spectra of the whole domain, inside the cyst, and outside the cyst The plots in Figure 4.20

shows the spectra of the inside of the cyst, the outside of the cyst and the whole domain. It com-

pares the spectra for the vibration frequencies 300 and 1000 Hz. While two spectral components

are easily identified in the 300 Hz spectra, neither of the peaks correspond to the expected val-

ues; there is one peak around 5 m/s and one around 14 m/s. At the higher frequency, there are

also two distinguishable spectral components, the lower corresponding to the velocity inside

the cyst, and the other a bit higher than the expected velocity outside of the cyst.
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Figure 4.19: The velocity fields corresponding to the first (left) and second (right) detected com-
ponents for experimental data of the soft cyst scenario excited by a 300 Hz vibration.

Figure 4.20: The frequency spectra of the experimental data for the soft cyst scenario excited by
300 (left) and 1000 Hz (right) vibration.





Chapter 5

Discussion

The following section will discuss the results presented in Chapter 4, their implications for the

method as well as analyzing some of its limitations and how to possibly address them.

As shown in equation (2.21), the wave speed in space is inversely proportional to the wavenum-

ber k, and proportional to the frequency. In addition, as real waves have a bandwidth - they are

not just one frequency, but consists of a band of frequencies, they will also have some spread in

k-space. As cs has to remain constant for a given region, increasing f0 will increase the distance

between any two points in k-space. For example, by doubling the value of f0, we also double

the distance between the wavenumbers of cs = 10 m/s and cs = 5 m/s. As the bandwidth of

the peaks do not increase at the same rate, judging from the results presented in Chapter 4, the

peaks become orthogonal in k-space and hence easily separable.

This is illustrated in Figure 4.5, which shows the spectrum of the hard, numerical cases for

frequencies 500 and 2500 Hz. We can see that the peaks overlap at 500 Hz, which hinders the

methods ability to detect and discriminate between them. This also explains why the method

was unable to detect the cyst in the experimental data, as the peaks in their spectra entirely

overlap. When the frequency is increased, we observe that at f0 ≈ 2500 Hz, the method not only

correctly estimates the shape and location of the cyst, but also provides an accurate estimation

of the shear wave velocity values. As the peaks in the spectra are distinct, they are easily detected

on the spectrum and isolated by the ring filter approach. One can hypothesize that better per-
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formance could be obtained at even higher frequencies. In addition, spatial resolution increases

at higher frequencies, providing a better delineation of the cyst.

The aim of this project was to investigate the feasibility of a k-space filtration technique to

vibration sonoelastography and assessing its accuracy, validity and clinical feasibility. We can

see from the numerical analysis that in some cases the method finds both the correct shear

wave speed inside the cyst as well as its shape. The shear wave velocity map can be transformed

into a shear modulus map by equation (2.5). This means the method can be used to process

ultrasound data and map the hardness of eventual cysts in the inspected region, meaning it is

both accurate and valid for clinical use. Compared to the vibro-acoustography and elastogra-

phy using ARFI, the proposed approach has the advantage of being faster, as the filters can be

calculated from just one frame, as well as having better penetration due to using an external

source for the excitation, which is only limited by the power of the mechanical shaker.

That said, the method has limitations. Both the feature extraction and the ring filtering do

not discriminate the propagation direction. However, in most cases the shear wave velocity

fields show a mean propagation direction in the whole domain. Consequently some compo-

nents that are easily separable in the k-space due to their distinct propagation directions be-

come indistinguishable in the spectrum, or buried by the noise present at other propagation

directions. This could be addressed by designing a detection and filtering strategy that takes

into account the direction of propagation in k-space.

Alternatively, this could be addressed by modifying the measurement setup. By including a

collection of vibration sources that excite the medium from different angles, the vibration field

could be made more diffuse and hence less direction dependent. Having waves traveling in all

directions would cause the k-space to have rings instead of just blobs. This would also increase

the amount of information in the filtered area, and thus reduce signal to noise ratio of the filter.

Another limitation of the proposed method is that it tries to model a 3D space using 2D slices

of it. For example, if you were to slice a cylinder normally to its height, you would get a circle of
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the same radius as the cylinder, while if you cut it at an oblique angle, the resulting shape would

be an ellipse with the long axis larger than the cylinder radius. Similarly, if the 2D slices of the

3D velocity field are not in the same direction as the propagation direction of the waves, called

transverse waves, we will observe an unrealistic long wavelength and thus find unrealistically

fast shear waves. This explains the blobs observed at very low wavenumbers in the experimen-

tal data (Figures 4.15 and 4.20) that were not present in the numerical results, and also explains

why the method was unable to detect the cyst at 300 Hz despite there being two distinct peaks in

the spectra (as seen in Figures 4.15 and 4.20). This problem could be addressed by performing

3D acquisition; sweeping the linear probe along the Y axis while scanning, which produces an

estimation of the 3D shear wave velocity field.

While promising results were obtained in the numerical data, the proposed method did not

work as well for the experimental data. The high attenuation of shear waves in the phantom

prevented increasing the frequency above 1 kHz. However, a more powerful vibration source

could make it possible to reach the good performance observed at 2500 Hz, especially if a 3D

volume acquisition is performed.





Chapter 6

Conclusions

The aim of this project was to investigate the feasibility of a k-space filtration technique to pro-

duce elasticity maps with stationary vibration fields. To assess feasibility, numerical and exper-

imental experiments were conducted. Elastography phantoms were produced and tested with

an ultrasound research scanner. The method was implemented in a MATLAB routine and tested

against the two sources of data.

We have seen that using vibration frequencies below 1000 Hz the method is unable to cor-

rectly detect the cyst in both experimental and numerical data, as the peaks in the spectrum

overlap. In numerical data at 2500 Hz the method successfully extracts both the speed and the

shape of the cyst. This shows that the k-space filtering approach can be viable for sonoelastog-

raphy data at high frequencies, despite only showing it for numerical data in this experiment.

The method did not perform well against experimental data due to limitations in the maximum

achievable vibration frequency and due to the interference of vibration modes transversal to the

imaging plane. Results indicate that, although it may be possible to use a k-filtering approach

to improve the detection of breast cancer, further work is needed to increase the vibration fre-

quency and to include the velocity estimation in 3D. By doing so it may be possible to increase

the reliability and sensitivity of breast cancer screening.

For another attempt at this experiment, a a more powerful vibration source would be im-

perative, to ensure the vibrations reach throughout the phantom at high frequency. At higher
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amplitude, I would also recommend having an automatic system for activation and deactiva-

tion of the vibrations, ensuring the source is only on for the barest minimum of time, as the

noise could be a source of discomfort for both patient and operator.

Expanding the system with more sources of vibration around the inspected region could

make the vibration field more diffuse and less direction dependent, which could improve the

system.

In a prospective clinical use, a classification scheme could also be implemented: automati-

cally deciding whether or not there are stiff anomalities in the inspected region.

Finally, changing the acquisition scheme from a 2D to a 3D acquisition scheme seems to be a

compelling need of the method to deal with transversal vibration modes. Doing a 3D simulation

study to get better correspondence to the experimental observations is advisable.
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