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Sammanfattning

Skjuvv̊agselastografi (SWE) är en ultraljudsbaserad bildgivningsteknik, med vilken

det är möjligt att kvantitativt mäta vävnads mekaniska egenskaper. D̊a SWE bygger

p̊aen initialt kort fokuserad ultraljudsbelastning har tidigare studier genomförts för

att kartlägga tekniken ur patientsäkerhetssyn. Dessa har visat att SWE är oskadlig

för den undersökta patienten. Undersökningar har dock mestadels utförts p̊aett

övergripande plan, och för specifika applikationer s̊asom exempelvis kardiovaskulär

v̊ard (där SWE för kärlstyvhetsmätning är av stort intresse) har teknikens säker-

hetsaspekter inte klarlagts till fullo. Målet med denna studie var därför att utveckla

en experimentell uppställning för att mäta den akustiska tryckfördelning som ska-

pas fr̊an en fokuserad ultraljudsprob. Utöver detta har säkerhetsaspekten av SWE

undersökts, med specifikt fokus p̊apotentiellt kommande mätningar av kärlstyvhet.

I ett första steg, användes simuleringsverktyget FOCUS för att spatialt upp-

skatta och estimera tryck och intensitetsfördelning runt det definierade ultraljuds-

fokus. Tv̊ascenarion undersöktes vid 5 olika fokuseringsdjup: 15, 20, 25, 30 och

35 mm. I det första scenariot hölls antalet aktiverade ultraljudskristaller till 64,

medan probens f-tal tilläts variera. I det andra scenariot hölls f-talet till 1.3, medan

antalet aktiverade kristaller varierade. Resultaten visade att fokuspunktens spatiala

utbredning inte ändrades nämnvärt vid varierande kristallelement, men tydligt vid

varierande f-tal.

I ett andra steg skapades en experimentell uppställning där en membrantyps-

hydrofon användes för att mäta upp akustiska parametrar genererade fr̊an ett SWE-

baserat Verasonics-system med tillhörande L7-4 prob. Spatial utbredning av maxi-

malt positivt och negativt tryck, mekaniskt index (MI), och tidsfördelad intensitet

(ISTPA) undersöktes vid ett fokusdjup p̊a 35 mm och en probspänning p̊a 90 V.

Uppmätta experimentall resultat visade sig överrenstämma väl med de fr̊an FOCUS,

framförallt vad gäller spatial fokusutbredning i probriktningen.

Med MI och ISPTA för SWE uppmätta till att ligga under till̊atna FDA-gränsvärden,

representerar denna genomförda studie ett viktigt steg mot en framtida in-vivo im-

plementering av SWE för kvantifierad uppmätning av kärlstyvhet.
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Abstract

Shear Wave Elastography (SWE) is a medical imaging modality which is able to

measure tissue stiffness through the speed of ultrasound-induced shear waves. Pre-

vious studies have reviewed the safety aspects of clinical ultrasound, highlighting the

harmlessness of the technique. However, in arterial SWE the same type of investiga-

tion has not been performed for all applications. The present work aimed to develop

an experimental setup for the assessment of acoustic output, which is the pressure

field generated by an ultrasound transducer. A second aim was to investigate the

safety aspects of SWE with particular attention to arterial applications.

In a first step, FOCUS platform was used to simulate and visualize the pressure

and intensity distribution around the focal point in three dimensions. Two studies

were performed at different focal depths: 15, 20, 25, 30, and 35 mm. In the first

study the number of activated elements was kept constant and equal to 64. In the

second study the f-number was constant at approximately 1.3. Push widths in three

dimensions were compared at different depths, the push dimension did not change

in a pronounced way when the f-number was kept constant, but it did when the

number of elements was constant.

An experimental setup was then developed, made of the programmable ultra-

sound system Verasonics with a linear array transducer L7-4 to generate shear waves

and a membrane-type hydrophone to analyze the distribution of peak positive pres-

sure, peak negative pressure, mechanical index (MI), and spatial peak-time average

intensity (ISPTA) at focal depth equal to 35 mm and voltage set at 90 V. The push di-

mensions resulting from the hydrophone were compared to FOCUS results, showing

similar values especially in x and y direction.

To conclude, given MI and ISPTA below the safety thresholds of FDA regula-

tions, the present work represents an additional step toward in vivo assessment of

arterial stiffness by Shear Wave Elastography.
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Chapter 1

Introduction

For centuries tissue stiffness has been known as a diagnostic measure for a large

number of diseases. Originally manual palpation represented the most common

technique to detect tissue stiffness differences in the region of interest. Elastography

was later introduced as a possibly quantitative alternative, allowing more objective

information and enabling the study of deeply located organs [53].

In the 1990s Sarvazyan et al. suggested a promising technique called Shear

Wave Elasticity Imaging (SWEI), or Shear Wave Elastography (SWE). An acoustic

radiation force (ARF) push is generated, causing shear waves propagating through

the tissue. By tracking the propagation speed, it is possible to estimate the stiffness,

the elastic shear modulus of the tissue of interest.

SWE has clinically been applied for arterial applications [21] and ex vivo and

in vivo studies were performed. However, safety has not been thoroughly investi-

gated and studies reviewing the safety aspects need to be carried out to prove the

harmlessness of the technique.

At the School of Technology and Health at the Royal Institute of Technology

(KTH) in Stockholm, students and researchers have been developing arterial SWE

in the past three years, suggesting the feasibility of applying SWE for the assessment

of arterial stiffness [14, 54, 55].

The following work aims at investigating the dimensions of the push and the

safety aspects of SWE by analyzing the acoustic output at the focal depth during

ultrasound-based shear wave generation and estimating acoustical variables as well

as mechanical index to assess the level of safety.
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Chapter 2

Purpose

This study had multiple purposes. A first aim was to determine the dimensions of

the push used to generate shear waves, a second aim was to develop an experimental

setup for acoustic output measurements, and a third aim was to investigate safety

aspects.
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Chapter 3

Method

The method has been subdivided into two main parts: computational simula-

tions and experimental measurements including generation of shear waves through

a programmable ultrasound system and acquisition of the generated pressure fields

through a membrane-type hydrophone.

3.1 Simulations of pressure fields

Computational simulations were performed in FOCUS platform in order to visu-

alize the pressure and intensity distribution at the focal depth, in three dimensions.

3.1.1 FOCUS

FOCUS is a free cross-platform ultrasound simulation tool, created by a group of

researchers at Michigan State University, which measures pressure fields induced by

the transducer in a fast and detailed way; it is based on the description of theoretical

acoustic wave distribution.

FOCUS simulations were run using a modified MATLAB script (see Appendix

B.1) to investigate how pressure and intensity vary in each direction, especially their

distribution at the focal depth. A coefficient of attenuation equal to 0.3 dB/cm/MHz

was used to simulate the wave propagation in soft tissue and the frequency was set at

4.09 MHz. The focal depth was another parameter to be specified. Since the carotid

is situated at different depths depending on each subject, five different depths were

analyzed, between 15 mm and 35 mm with step size equal to 5 mm.

Two studies were performed, in the first study the number of activated elements

was kept constant and equal to 64, whereas in the second study the f-number was

kept constant and approximately equal to 1.3. The f-number is equal to depth

divided by aperture size which is calculated as the number of activated elements

multiplied by the length of each piezoelectric element (approximately 0.31 mm).

Thus, assuming that all the elements are active, the aperture size is equal to 128 ·
0.31 = 39.68 mm which corresponds to the total length of the transducer. In order

to keep the f-number constant, the number of active elements has to be increased

with increasing depth, therefore it was set at 38, 52, 64, 76, and 90 respectively.

13
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After plotting the pressure distribution in each direction, the maximum peak was

identified and tracked until changing derivative, then the push width was calculated

as full width at half maximum (FWHM) using a Gaussian first order fit. Figure 3.1

helps to understand the meaning of x, y, and z direction according to the reference

system used. The z direction corresponds to the depth, whereas x direction is related

to the lateral aperture (xz plane is the lateral plane) and y direction is along the

elevation plane (yz plane).

Figure 3.1: Different planes along the transducer [52].

3.2 Generation of shear waves

The first step in the experimental procedure was to generate shear waves and a

Verasonics system was used in order to perform this task.

3.2.1 Ultrasound system Verasonics

A linear array transducer L7-4 (Philips Healthcare, Andover, MA, USA), com-

monly used for arterial applications, was employed to generate a single ARF push.

The notion of push is used since it is a direct correspondence to a highly local-

ized straining of the tissue. Using focused ultrasound, the material is mechanically

strained, which causes a reaction in the form of an outgoing shear wave.

The SWE experiments with Verasonics system (Verasonics, Kirkland, WA, USA)

were performed using a modified MATLAB script for electrocardiogram (ECG) trig-

gering (MATLAB R2012b, Mathworks, Natick, USA) previously developed. In this

project the trigger was used to synchronize the execution of the script with the

acquisition of experimental data.

The script provided was implemented with a single ARF push, followed by ul-

trafast plane wave imaging, with inphase and quadrature data (IQ data) provided

for further post-processing. The script was changed removing events unrelated to

the push and implementing continuous pushes until the user decided to stop the

execution. The position of the push location could be manually decided by clicking
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on the GUI. Note that the user could choose the location for the push according to

a grid defined in a MATLAB function (see Appendix B.2).

The implementation of continuous pushes in Verasonics enabled the acquisition

of a 3D pressure map of the region of interest using the hydrophone.

3.2.2 Verasonics parameters

Four parameters defined in the MATLAB script determine the time evolution

of the pressure waveform: A (the number of master clocks in a half cycle of the

waveform), B (the number of master clocks for which the transmit drivers are active

in the half cycle period), C (the number of half cycle periods), and D (initial polarity

of the first half cycle). The A parameter is related to the push frequency, for

example A = 22 corresponds to frequency 4.09 MHz and A = 18 corresponds to

frequency 5 MHz [51]. The C parameter sets the pulse length and is equal to 1 in

all the measurements, since a shorter push duration is preferable and this value is

automatically multiplied by 64. The D parameter is usually set equal to 1 in SWE

applications since the push is long and polarity has little effect.

3.3 Measurement of the generated pressure fields

A membrane-type hydrophone (ONDA system, HMB - 0200) was used in order

to measure the generated pressure fields. The aim was to estimate peak positive

pressure, peak negative pressure, mechanical index MI, and spatial-peak time av-

erage intensity ISPTA, to analyze their spatial distribution and to test if they were

below the safety thresholds.

MI refers to the likelihood of cavitation which is the generation of tiny gas bubbles

when ultrasound waves propagate through the tissue. MI is defined by:

MI =
pr√
f0

(3.1)

where f0 is the center frequency of the pulse (in MHz) and the attenuated peak

rarefactional pressure pr is measured in MPa. According to FDA regulations, the

limit for MI is set at 1.9 [31].

In order to describe how the ultrasonic power is spatially distributed, the acousti-

cal intensity I at a certain point in the beam is referred to. ISPTA is the spatial-peak

intensity averaged over the burst repetition period and the safety threshold following

FDA is 720 mW/cm2.

The hydrophone was also used to visualize the pressure time waveform as well

as the power spectrum of the pressure.
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3.3.1 Experimental setup

In addition to the Verasonics system, the experimental setup included an Acous-

tic Intensity Measurement System (AIMS III), a Soniq 5.0 Software, and a Digital

Storage Oscilloscope (DSO7012B). The AIMS III scanning tank is shown in Figure

3.2 and in Figure 3.3 the entire experimental setup is illustrated.

Figure 3.2: AIMS III scanning tank with the positioner for the hydrophone which can

be located at different depths and the temperature probe to detect the temperature

of the water [50].

The hydrophone was submerged in water and the transducer was situated in such

a way that the ARF push was focused on the sensitive area of the hydrophone, as

shown in Figure 3.4. The hydrophone could move in 3D automatically and a coarse

3D scanning was performed to identify the main peak position for further measure-

ments. Once the push location was approximately found, the software enabled the

visualization of the pressure time waveform and the distribution of peak positive

pressure, peak negative pressure, MI, and ISPTA in three dimensions.

Experimental measurements were subdivided into two main parts: analysis of

pressure time waveform and acquisition of 3D pressure map. In the first part the

pressure time waveform was studied in relation to the voltage and B parameter.

The MATLAB script (see Appendix B.2) was implemented with a single ARF push

whose duration was equal to 7.9 µs, the frequency was equal to 4.09 MHz, and the

focal depth was approximately 24 mm. Moreover the number of activated elements

was equal to 52 and A = 22, C = 1, D = 1, B parameter varied between 11 and
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Figure 3.3: Picture taken during the measurements in a laboratory at STH. In

the foreground there are the Verasonics system and the trigger. The trigger was

linked to Verasonics system (trigger out) and to the oscilloscope (trigger in). In the

background there is the AIMS III scanning tank together with the hydrophone and

the transducer. On the right there is Soniq 5.0 Software.

Figure 3.4: Picture taken during the measurements in a laboratory at STH. Close-up

of the transducer and the hydrophone.
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21. The voltage was selected from the Graphical User Interface (GUI), enabling the

signal acquisition at 1.6 V, 10 V and 45 V.

In the second part the script was modified implementing continuous pushes. The

frequency was set at 4.09 MHz and focal depth at 35 mm. The number of activated

elements was equal to 90 elements. Moreover the voltage was set at 90 V, PRF

equal to 1 Hz, and A = 22, B = 21, C = 1, D = 1.

3.4 Choice of the scan dimension and step size

The hydrophone could move in 3D automatically and resolution was chosen

anisotropic and decided by the user as well as the initial and final point of acquisition

(interval of interest) in each direction. The choice was based on the push width

resulting from FOCUS simulations, indeed the smallest scan dimension and step

size were chosen in x direction in order to be able to detect all the changes in the

region of the push. In z direction the interval was chosen between 10 mm and

50 mm and the step size was set at 1 mm, since from the simulations the highest

values for push width were in this direction. In y direction intermediate values

were obtained, thus the interval was chosen equal to 10 mm with step size equal to

0.25 mm. Another factor to take into account was the acquisition time, since each

iteration was approximately 2 seconds long where 1 second was due to PRF and 1

extra second was due to processing or rescaling resulting in 40 iterations for each

direction.

For the choice of scan dimension in x and y direction, the value 0 indicated the

middle point, thus all the points on the left were assumed to be negative.

• x direction = front/back (from -1 mm to 1 mm, step size = 0.05 mm);

• y direction = left/right (from -5 mm to 5 mm, step size = 0.25 mm);

• z direction = up/down (from 10 mm to 50 mm, step size = 1 mm);

Choosing these step sizes, the acquisition of each plane took between half an

hour and one hour. Plane xz and yz were acquired in order to visualize pressure

distribution in x and y direction along depth. The values for peak negative pressure,

peak positive pressure, MI, and ISPTA were then analyzed, in particular the slice

plots of peak positive pressure approximately at the push location. Engauge software

was then used in order to get the coordinates of the points, finally the push width

was calculated in x, y, and z direction as full width at half maximum (FWHM) using

a Gaussian first order fit.



Chapter 4

Results

4.1 FOCUS results

In Figure 4.1, 4.2, 4.3, and 4.4 the yellow region represents the areas with highest

pressure and intensity value, corresponding to the push. When using constant f-

number, the yellow region in the pressure distribution is similar at different depths,

while with constant number of elements the push dimension increases with the focal

depth, especially in x and z direction. Note that the scale is the same in all figures.

In Figure 4.5 the first order Gaussian fit is displayed together with the data from

FOCUS at 35 mm and f-number equal to 1.3.

Table 4.1 and 4.2 report the push width in x, y, and z direction with constant

number of elements and constant f-number respectively.
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(a) Pressure and intensity, focal depth 15 mm.
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(b) Pressure and intensity, focal depth 20 mm.
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(c) Pressure and intensity, focal depth 25 mm.
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(d) Pressure and intensity, focal depth 30 mm.
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(e) Pressure and intensity, focal depth 35 mm.

Figure 4.1: xz plane, y = 0, number of activated elements equal to 64.
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(a) Pressure and intensity, focal depth 15 mm.

-5 0 5

y, mm

10

20

30

40

50

60

z
, 
m

m

2

4

6

8

10

12

14

16

×10
6

-5 0 5

y, mm

10

20

30

40

50

60

z
, 
m

m

0.5

1

1.5

2

2.5

3

×10
14

(b) Pressure and intensity, focal depth 20 mm.
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(c) Pressure and intensity, focal depth 25 mm.
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(d) Pressure and intensity, focal depth 30 mm.
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(e) Pressure and intensity, focal depth 35 mm.

Figure 4.2: yz plane, x = 0, number of activated elements equal to 64.
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(a) Pressure and intensity, focal

depth 15 mm.
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(b) Pressure and intensity, focal depth 20

mm.

-10 0 10

x, mm

10

20

30

40

50

60

z
, 

m
m

2

4

6

8

10

12

14

16

!10
6

-10 0 10

x, mm

10

20

30

40

50

60

z
, 

m
m

0.5

1

1.5

2

2.5

3
!10

14

(c) Pressure and intensity, focal depth 25

mm.
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(d) Pressure and intensity, focal depth 30 mm.
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(e) Pressure and intensity, focal depth 35 mm.

Figure 4.3: xz plane, y = 0, f-number approximately equal to 1.3.
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(a) Pressure and intensity, focal

depth 15 mm.
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(b) Pressure and intensity, focal

depth 20 mm.
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(c) Pressure and intensity, focal

depth 25 mm.
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(d) Pressure and intensity, focal

depth 30 mm.
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(e) Pressure and intensity, focal

depth 35 mm.

Figure 4.4: yz plane, x = 0, f-number approximately equal to 1.3.
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(a) Slice plot of xz plane, z = 35 mm, R2 = 0.98.
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(b) Slice plot of yz plane, z = 35 mm, R2 = 0.99.
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(c) Slice plot of xz plane, x = 0 mm, R2 = 0.99.

Figure 4.5: Slice plots of pressure distribution. In blue FOCUS data, in red the

Gaussian fit.
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Table 4.1: Number activated elements = 64. w is the width of the push and R2 is

the coefficient of determination between FOCUS data and the Gaussian function.

depth (λ) depth (mm) f-number wx (mm) R2 wy (mm) R2 wz (mm) R2

40 15 0.8 0.38 0.98 1.66 0.91 2.89 0.98

53 20 1.0 0.46 0.98 1.33 0.99 4.69 0.98

66 25 1.3 0.56 0.98 1.51 0.98 6.80 0.98

80 30 1.5 0.66 0.98 1.97 0.99 9.52 0.98

93 35 1.8 0.76 0.98 2.52 0.99 12.67 0.98

Table 4.2: F-number ' 1.3. w is the width of the push and R2 is the coefficient of

determination between FOCUS data and the Gaussian function.

depth (λ) depth (mm) elements wx (mm) R2 wy (mm) R2 wz (mm) R2

40 15 38 0.57 0.98 1.55 0.94 6.93 0.94

53 20 52 0.55 0.98 1.30 0.99 6.66 0.97

66 25 64 0.56 0.98 1.51 0.99 6.80 0.98

80 30 76 0.57 0.99 1.98 0.99 7.01 0.98

93 35 90 0.55 0.98 2.53 0.99 6.69 0.99
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4.2 Pressure time waveform from the hydrophone

In Table 4.3 peak positive pressure, peak negative pressure, MI, and ISPTA

(coefficient of attenuation 0.3 dB/cm/MHz) are illustrated, showing an increase with

increasing the voltage. Also B parameter affects these values, even though in a less

pronounced way. In Figure 4.5 the acoustical amplitude increases with increasing

these parameters. At 45 V the pressure time waveform is greatly non linear but as

soon as the voltage decreases it becomes more sinusoidal. Note that peak positive

pressure is higher than peak negative pressure and the difference between these two

quantities increases with increasing the voltage or B parameter.

Table 4.3: Acoustical variables and MI. Focal depth 24 mm, hydrophone.

voltage (V) B p.pos.press. (MPa) p.neg.press. (MPa) MI ISPTA (mW/cm2)

1.6 V 11 0.10 0.10 0.03 1.4 ·10−3

10 V 11 1.59 0.85 0.3 0.17

45 V 11 15.12 2.26 0.8 4.02

45 V 21 16.87 2.54 0.9 5.08
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Pressure time waveforms

(a) Pressure time waveform at 1.6 V, B = 21.

(b) Pressure time waveform at 10 V, B = 21.

(c) Pressure time waveform at 45 V, B = 11.

(d) Pressure time waveform at 45 V, B = 21.

Figure 4.6: Focal depth 24 mm, hydrophone.
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4.3 3D pressure maps from the hydrophone

Acoustical quantities (attenuated) are displayed in Table 4.4, showing that MI

and ISPTA are both below the safety thresholds 1.9 and 720 mW/cm2 respectively.

However, the value for MI is high, while values for ISPTA are quite low, this can be

due to the fact that the pulse length is very small compared to the burst repetition

period. Thus the value for ISPTA is much below the threshold since the spatial-peak

intensity is averaged over a period much larger than the push length.

Analyzing the distribution of peak positive pressure in Figure 4.7 and peak nega-

tive pressure in Figure 4.8, the highest values are around 25-30 mm, followed by the

values close to the transducer, and finally the lowest values are around 45-50 mm.

The same observation can be made analyzing MI and temporale average intensity

in Figure 4.9. Moreover in all the figures, the push is much wider in z direction

compared to x and y direction. Values for temporal average intensity are very low

in the region around the focus already at 35 mm. Comparing Table 4.2 and 4.5

similar values for push width in x and y direction are reported. In Figure 4.10 the

slice plots of peak positive pressure distribution are displayed.
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Peak positive pressure

(a) xz plane. (b) yz plane.

(c) xz plane from a further perspective.

Figure 4.7: Peak positive pressure. Focal depth 35 mm, hydrophone.
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Peak negative pressure

(a) xz plane. (b) yz plane.

(c) xz plane from a further perspective.

Figure 4.8: Peak negative pressure. Focal depth 35 mm, hydrophone.
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MI and temporal average intensity

(a) xz plane. (b) yz plane.

(c) xz plane. (d) yz plane.

Figure 4.9: (a) and (b) MI, (c) and (d) temporal average intensity. Focal depth 35

mm, hydrophone.
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(a) Slice plot of xz plane. The software provided the push location in depth

and the slice was acquired setting z equal to this value, 28 mm. R2 = 0.48.
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(b) Slice plot of yz plane. The software provided the push location in depth

and the slice was acquired setting z equal to this value, 28 mm. R2 = 0.52.
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(c) Slice plot of xz plane. The software did not provide the push location in x

direction which was assumed to be at x = 0. R2 = 0.44.

Figure 4.10: Slice plots of peak positive pressure distribution. In blue the hy-

drophone data, in red the Gaussian fit.
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Table 4.4: Acoustical variables and MI. Focal depth 35 mm, hydrophone.

p.pos.press. (MPa) p.neg.press. (MPa) MI ISPTA (mW/cm2)

xz 11.01 1.71 0.76 4.09

yz 9.88 1.72 0.77 3.30

Table 4.5: Focal depth 35 mm, hydrophone. w is the width of the push and R2 is the

coefficient of determination between hydrophone data and the Gaussian function.

wx (mm) R2 wy (mm) R2 wz (mm) R2

0.53 0.48 2.28 0.52 3.82 0.44
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Chapter 5

Discussion

The present work has analyzed the dimensions of the push used to generate shear

waves and investigated safety aspects through the development of an experimental

setup for acoustic output measurements. The push dimensions were determined at

first using FOCUS platform, secondly performing measurements with a membrane-

type hydrophone. In FOCUS simulations, setting focal depth at 35 mm and using

90 active elements, wx = 0.55 mm, wy = 2.53 mm, and wz = 6.69. In hydrophone

measurements wx = 0.53 mm, wy = 2.28 mm, and wz = 3.82 mm, showing com-

parable values with FOCUS results, especially in x and y direction. The push was

wider in z direction and more narrow in x direction (y direction showed intermediate

values). This was due to the fact that the electronic focus involved x direction and

the presence of a lens affected the push width in y direction.

An experimental setup was developed using a membrane-type hydrophone and

enabled the recording of pressure time waveform and the acquisition of peak negative

pressure, peak positive pressure, MI, and ISPTA distribution in three dimensions.

Setting focal depth at 35 mm and the voltage at 90 V, MI and ISPTA were below

the safety thresholds following FDA regulations.

5.1 FOCUS results and limitations

Comparing the push width in Table 4.1 and 4.2, keeping f-number constant

leads to lower values at higher depths and more homogeneous values at changing

depths, therefore this strategy is preferable than using a constant number of active

elements where the push width increases with depth. This increase is pronounced in

z direction, but is also present in x direction. In y direction the values are comparable

between the two studies, in particular around 20-25 mm where there is a decrease

due to the fact that the elevation focus was set at 24 mm.

Additionally, in yz plane there are some wrinkles that are not visible in xz plane.

The presence of the lens which affects the push width in y direction can be a possible

explanation. However, the amplitude of the wrinkles is ten times lower than the

amplitude of highest values. Fortunately, these wrinkles do not interfere with the

results from SWE, since the imaging process is based on values in x direction.

The FOCUS platform was useful to understand the beam profile but does not

35
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accurately reproduce pressure values since voltage is not taken into account and

values are not absolute. Additionally, it does not consider the non linearity of the

wave propagation and only the positive pressure is provided, while in the hydrophone

both positive pressure and negative pressure are provided. Therefore FOCUS results

should be validated against hydrophone measurements.

5.2 Pressure time waveform from the hydrophone

The amplitude of the acoustical signal depends significantly on the voltage, how-

ever, also B parameter affects the acoustical amplitude. In particular peak positive

pressure, peak negative pressure, MI, and ISPTA decrease with decreasing voltage

or B parameter. Therefore in order to increase the level of safety one strategy could

be to set the parameter B as high as possible (the maximum value which can be

chosen is equal to A−1) while choosing a lower value for the voltage.

5.3 Hydrophone measurements and limitations

In the Verasonics system the depth was set approximately at 35 mm, but ana-

lyzing the pressure distribution of the measurements, the maximum value is present

at 28 mm. There are several factors that contribute to this phenomenon. First, the

sensitive area of the hydrophone is located at 2-3 mm depth (within the hydrophone)

compared to the cover, whereas they were assumed to be situated at the same level.

Second, the thickness of the matching layer of the transducer is 1.38 mm and this

value was measured after the measurements. After positioning the transducer and

the hydrophone in the water, this value was not considered when calculating the

initial distance. Moreover the measurement of the distance was made with a ruler,

then this value was set in the software, potentially leading to a measurement error.

Finally, the transducer and the hydrophone were positioned manually, thus not ex-

actly parallel, creating an angle of inclination during the measurements which affects

the acquisitions.

This misalignment, together with noise factors, could explain why there is two

times difference between push width in z direction from FOCUS and hydrophone

(3.82 mm and 6.69 mm). Additionally, the procedure to calculate FWHM was de-

cided to be the same for all directions in order to compare values obtained using the

same criterion. In the measurements, the maximum was not tracked until changing

derivative as in FOCUS simulations, this can be another reason why results in z

direction are different.

Measurements were performed activating elements located in the middle in order
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to send the push in the sensitive area of the hydrophone, this consideration might

not be made if the transducer is inclined compared to the hydrophone.

Another possible reason is due to the Verasonics system and consists in the

delay between B-mode imaging and the push. This delay is not constant and varies

over time, therefore the hydrophone tries to compensate this phenomenon at each

iteration but this compensation does not hold for the following iterations. This delay

in time domain is then converted into a shift in space domain which affects the focal

depth.

Additionally, the temperature of the water decreases at each acquisition due to

the absence of heating while performing the measurements. A drift in the temper-

ature of 1 degree corresponds to a difference in the speed of sound. In a clinical

scenario from T1 = 24 degrees (calibration) to T2 = 37 degrees (body of the patient),

the speed of sound varies from c1 = 1494 m/s to c2 = 1523.61 m/s. The difference

t1 − t2 in time domain can be converted into space domain, causing a shift equal to

0.70 mm.

Finally measurements were performed in water, whereas SWE is used for arterial

applications. In human tissue wave propagation is attenuated, therefore a coefficient

of attenuation was taken into account when analyzing the results.
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Chapter 6

Conclusions

The present work has assessed the dimensions of the push used to generate

shear waves, moreover an experimental setup was developed for acoustic output

measurements in order to investigate safety aspects.

The dimensions of the push were determined to wx = 0.55 mm, wy = 2.53

mm, and wz = 6.69 from FOCUS simulations at focal depth 35 mm and using 90

active elements. Setting the same focal depth and number of active elements during

hydrophone measurements, wx = 0.53 mm, wy = 2.28 mm, and wz = 3.82 mm,

therefore comparable values were provided between simulations and measurements,

especially in x and y direction.

An experimental setup was developed, enabling the analysis of peak positive

pressure, peak negative pressure, MI and ISPTA distribution. Setting focal depth

equal to 35 mm, the highest values were around 25-30 mm, followed by the val-

ues close to the transducer, and finally the lowest values were around 45-50 mm.

Following FDA regulations, MI and ISPTA were below the safety thresholds.

To conclude, simulations in FOCUS suggested to use a constant f-number, since

push dimensions were lower at higher depths and there was more homogeneity be-

tween different depths. Hydrophone measurements allowed investigation of safety

aspects, showing values below the safety thresholds of FDA regulations. Therefore

the present work represents an additional step toward in vivo assessment of arterial

stiffness by Shear Wave Elastography.
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Appendix A

A.1 Ultrasound technique

Diagnostic ultrasound uses high frequency pressure waves in the MHz-range in

order to obtain images of tissues inside the body [1]. A piezoelectric transducer

enclosed in a plastic probe transforms electrical pulses into mechanical pulses that

propagate into the investigated tissue, with returning reflections being converted

back into electrical pulses at the transducer. This is achieved from the fact that

the piezoelectric elements generate a voltage when compressed or stretched by an

external force.

When an acoustic wave faces a boundary between two media of different impedance,

part of the wave is transmitted and part reflected (echo). An image of the structure

through which the wave has propagated can be obtained by recording the amplitude

of the echoes and considering the distance between the target and the transducer as

well as the position and orientation of the ultrasound beam. In Figure A.1 a clinical

ultrasound setup is described in a simple way.

Figure A.1: Simple description of a clinical ultrasound setup [2].

In medical imaging there are different modes of ultrasound such as the amplitude

mode (A-mode) and the brightness mode (B-mode). The most basic mode is the A-

mode, where a single element transducer transmits pulses to scan a single line. More

clinically used is the B-mode which is made of an array of transducers providing a

two-dimensional image.
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As the propagation of acoustic waves is dependent on the acoustic impedance

of the medium (Z ) [48], any variation in impedance will lead to a change in the

propagation wave form as well as in the echoed signal. Z can be derived from the

density of the medium (ρ) and the compressional wave velocity (c) by:

Z = ρ · c (A.1)

Following high wave propagation speed, diagnostic ultrasound has high temporal

resolution, for this reason it is used to analyze temporal phenomena, such as vari-

ations in blood flow and organ movements. Concerning other imaging techniques,

Computed Tomography (CT) differs from other methods because it uses ionizing

radiation, and Magnetic Resonance Imaging (MRI) enables to image motions and

flows but has long acquisition time. An additional advantage of diagnostic ultra-

sound consists in the setup simplicity (when compared to other medical imaging

techniques), providing a reasonable cost and patient safety. However, in contrast

with CT and MRI, ultrasound modality has low spatial resolution, with both pen-

etration depth and axial resolution depending on the frequency of the wave [4].

The resolution is directly proportional to the frequency, however also the attenua-

tion increases with increasing frequency. Therefore a high frequency signal cannot

penetrate deep into the tissue of interest. An additional disadvantage is operator

dependency both during the acquisition and during the interpretation stage.

A.2 Elastography

During the past, tissue stiffness has been shown to be a risk factor for a large

number of diseases. At the beginning physicians used to perform manual palpa-

tion in order to test if the tissue of interest was hard or soft. Elastography was

introduced as a substitute for palpation, providing a more objective information

and being able to investigate not only superficially located organs. This technique

consists in measuring an induced tissue displacement through a medical imaging

modality. Images are acquired before and after soft compression of tissues and the

deformation is evaluated. Initially elastography used manual compression and was

only qualitative, subsequently the compression started being caused by an external

mechanical force as well as an internal ultrasound radiation force.

A.3 Ultrasound Elastography

Ultrasound elastography was introduced by Ophir et al. in 1991 and has proven

to be a promising technique [5]. This approach can represent a better alternative
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to MR elastography which shows some disadvantages such as low availability, long

queue and priority waiting lists that make it complicated to be used as a broad

screening tool [3, 29]. Static Elastography consists in exerting a static compression

force and consequently imaging the strain induced by comparing a reference image

and a compressed image [6]. This method is easy to implement, however it does not

provide a quantitative measurement.

Comparing to Static Elastography, Transient Elastography (TE) estimates tran-

sient shear waves generated by an impulse mechanical actuation. The novelty of

this technique was the presence of dynamic loading, resulting in a mechanical wave

propagating through the medium. One of the most prominent techniques in this

field is Shear Wave Elasticity Imaging (SWE(I)) which was suggested by Sarvazyan

et al. in the 1990s. SWE(I) is based on shear acoustic waves remotely generated

by the radiation force of a focused ultrasonic beam which makes the induced strain

extremely localized [7]. A significant extension of SWE setup is Supersonic Shear

Imaging (SSI), where the focal point of the acoustic radiation is moved deeper into

the tissue at a velocity higher than the shear wave propagation speed, creating a

nearly plane shear wave [8]. The concept of SSI is illustrated in Figure A.2. This

technique was proposed for the first time in 2004 by Bercoff et al. and was later

applied in in vivo studies such as breast lesion imaging [9] and assessment of liver

segments elasticity [33].

Figure A.2: Generation of the plane shear wave through SSI, the focal point is

penetrating deeper over time (adapted from [30]).

A.4 Shear Wave Elastography

Shear Wave Elastography (SWE) (well described in the textbook [1]) refers to a

branch of elastography methods where a transient excitation of the tissue, caused by
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an ultrasound-generated acoustic radiation force, results in a travelling shear wave

in the range 10-500 Hz. Shear waves travel perpendicular from the initial direction

of excitation and the velocity is estimated by measuring the arrival time at lateral

positions. By tracking the propagating shear wave, it is possible to estimate the

stiffness, the shear modulus of the tissue of interest. In compressional waves, the

tissue oscillates in the same direction as wave motion, whereas in shear waves the

tissue oscillates transverse to the wave motion and the density does not change with

time [1]. The concept of a shear wave is illustrated in Figure A.3.

Figure A.3: Compressional wave (P-wave) and shear wave (S-wave) [11].

As seen in Figure A.4, the shear modulus of biological tissue varies over several

orders of magnitude, from approximately 103 Pa for glandular tissue, to 1010 Pa for

cortical bone tissue [12]. On the other hand, bulk modulus assumes values around

109 Pa for all soft tissues, which proves the increased potential for shear waves to

estimate stiffness of biological tissues.

An additional property of shear waves (compared to compressional waves) con-

sists in being polarized, this means that they are affected by tissue anisotropy,

therefore conducting shear waves in different directions could make it possible to

describe tissue anisotropy [7].

The SWE technique is based on four different phases. First, the shear wave is

generated by the acoustic radiation force of a focused ultrasonic beam. Second, the

shear wave is detected using very high frame rate (a few thousands Hz). Third,

the radio-frequency (RF) data are processed using cross-correlation algorithms [10].

Finally, shear wave propagation is displayed in a sequence of B-mode images.

In soft tissues shear wave speed can differ by two orders of magnitude and this

variation is higher in many pathological tissues [7]. Cancerous tissue has been shown

to be stiffer than healthy tissue, thus the shear wave speed will increase, especially

in breast and prostate cancer [13].
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Figure A.4: Values of bulk modulus, shear modulus, and Young’s modulus for differ-

ent biological tissues [1]. These three quantities refer to needed force/m2 to cause

a fractional change in volume, in shear angle, or, fractional length.

In conventional SWE, shear waves are assumed to propagate in a homogeneous,

infinite and purely elastic tissue. In such a case the relationship between the linear

elastic shear modulus (µ), the density of the tissue (ρ) and the shear wave speed

(cs) can be expressed as equation A.2 [14]:

µ = ρ · c2s (A.2)

With holding the same assumptions, and assuming incompressible tissue, Young’s

modulus (E ) can be derived from shear modulus (µ) by:

E = 3 · µ (A.3)

Combining equations A.2 and A.3, equation A.4 is obtained:

E = 3 · ρ · c2s (A.4)

Therefore by measuring the shear wave propagation speed, it is possible to estimate

Young’s modulus, however an estimate of density is needed (in vivo densities are

hard to come by).

At the moment elastography techniques are used to investigate mostly large

organs such as breast [35, 36, 37, 38], liver [29, 39, 40], and kidneys [11], as well as
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skeletal muscles [41, 13], tendons [42], testicles [13], and prostate [13]. In the recent

past, initial studies have been developed concerning clinical applications of SWE in

confined geometries [14], such as arteries [25], bladder [34], and cornea [9].

A.5 Arterial Elastography

Arterial stiffness has been proved to be a risk factor for a large number of cardio-

vascular diseases such as stroke, hypertension and heart failure [15]. More precisely

arterial stiffness variations can predict peripheral vascular diseases and represent

an independent risk predictor of atherosclerosis [16]. Several studies have proved

that arterial stiffness increases with age or hypertension, leading to a higher risk of

cardiovascular acute events [19]. At the same time softening of arteries can induce

diseases such as aneurysm. Going more into detail, mechanical properties of arteries

in different sites can vary in a different way [17]: during pregnancy, for instance, the

carotid artery becomes stiffer whereas the aorta has been shown to soften [18].

In the last decades the viscoelastic properties of arteries have been studied,

especially arterial stiffness [17]. Since in vivo studies are more challenging, most

of research has been performed ex vivo on artery samples [20]. These studies have

suggested that arteries are anisotropic and nonlinear, furthermore arterial stiffness

has been shown to change during the cardiac cycle. Being able to estimate the

arterial elasticity variations provides not only a more precise measurement, but also

the assessment of nonlinear properties of the arterial elastic modulus [17].

Several approaches have been adopted in order to estimate in vivo arterial stiff-

ness. The pulse wave velocity (PWV) technique is based on the velocity of the

pulse wave travelling from the heart through the arterial system [14]. This method

estimates global arterial stiffness but lacks precision because arterial stiffness is as-

sumed to be uniform all through the pulse wave path and constant during the entire

cardiac cycle [16]. As regards local arterial stiffness, several ultrasound techniques

have been suggested, however they are often associated with pressure measurements

performed in peripheral arteries.

In the last few decades, SWE has been developed in order to quantitatively es-

timate local tissue stiffness, using the relationship between shear wave speed and

elastic shear modulus of the material. In the method described in [17] a shear

wave, generated by the acoustic radiation force of a focused ultrasonic beam, travels

through the arterial wall. The novelty of this study lies in the in vivo quantita-

tive and real-time elasticity measurements (induced by acoustic radiation force) by

measuring shear wave propagation speed instead of the displacement amplitude in

the pushing beam. This measurement is made by SSI, therefore substituting point
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excitation with multiple excitations following a depth line. This study shows that

arterial stiffness increases quickly during systolic event and decreases gradually dur-

ing diastolic event. The assessment of arterial stiffness by using SSI has been done

both in vitro and in vivo.

In large organs, such as breast and liver, the shear modulus can be obtained from

the density of the tissue and the shear wave speed through equation A.2, assuming

that the medium is purely elastic and infinite. In arteries this assumption cannot

be made, even though SWE systems have been used both in vitro [21] and in vivo

by [22].

The incompressibility assumption (purely elastic tissue) does not hold. A lot

of studies have documented that biological tissues, on the contrary, can be consid-

ered viscoelastic materials; their deformation depends on the time evolution of the

stress applied. As a result of viscoelasticity, the shear wave speed will change with

frequency, a phenomenon called dispersion.

Shear wave velocity is also affected by the dimensions of boundaries compared

to the wavelength used. Dispersion can occur even if the material is elastic, in case

the thickness of the medium is comparable to the specific wavelength [14, 17]. In a

confined geometry, internal reflections might result at medium’s boundaries, leading

to so-called guided wave propagation, this means that mechanical energy is restricted

within arterial walls. Moreover in thin-walled configurations, multiple reflections

make the shear wave propagate through multiple paths. The wave propagation is

complex and the reader is referred to [49] for further reading. As a consequence of

these phenomena, each frequency component travels at a different velocity, resulting

in a distorted relationship between the shear wave speed and the tissue stiffness [17].

In 1959, Gazis proposed an analytical expression to describe propagation of shear

waves in a hollow cylinder in a vacuum [32]. In order to find a method that could

be feasible to implement, the propagation in the artery was later approximated

as a zero-order anti-symmetric Lamb wave mode in a plate, still considering the

dispersion geometry phenomenon [25]. A plate behaves as a wave guide due to

reflections at its boundaries. Lamb waves are waves propagating in a plate. Though

the phase velocity (the velocity at which each frequency component of the shear

wave travels) of a hollow cylinder is different from the plate in the range of low-

frequencies, there is convergence between the two dispersion curves (i.e. phase

velocity-frequency relationship) at higher frequencies. This phenomenon is due to

the comparable dimensions between shear wavelength and diameter of the cylinder

at low frequencies.

In Figure A.5 theoretical and experimental curves for plate and tube geometry

are shown. The equation for the anti-symmetric Lamb wave mode for a solid plate

submerged in a non-viscous incompressible fluid is given by [25], on the assump-



48

Figure A.5: Theoretical and experimental curves for plate and tube geometry. The

conspicuous local maximum is present for tube geometry around 200 Hz (adapted

from [17].)

tion that the solid plate and the surrounding fluid have similar wavenumbers and

densities:
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where kL = ω/cL is the Lamb wavenumber, kS = ω
√
ρ/µ is the shear wavenum-

ber, β =
√
k2L − k2s , ω is the angular frequency, h is the plate thickness and cL is

the frequency-dependent Lamb wave velocity. The elastic shear modulus can be

obtained by fitting the experimental data to the theoretical curve since ks and β

depend on µ.

In [17] phase velocity analysis was used to study arterial stiffness in vivo, the

shear modulus was evaluated by using an empirical formula derived from Lamb wave

theory. The dispersion curves for plate and tube geometry were analyzed showing

a local maximum for the tube geometry at low frequencies.

In 2014 a study concerning the feasibility of SWE technique to analyze arterial

anisotropy and nonlinear behaviour was performed [23]. The results obtained by
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applying SWE on a single equine aortic sample were compared with mechanical

testing. Only group velocity was studied, additionally the sample did not have

cylindrical geometry since it was cut longitudinally before performed measurements.

Therefore the feasibility of SWE in a hollow cylindrical geometry has not been

estimated yet in comparison to an independent reference method.

The study described in [14] showed that SWE and phase velocity analysis can be

used to estimate stiffness in arterial phantoms after being compared with mechanical

testing. Phase velocity analysis of SWE measurements was in accordance with

mechanical testing, whereas group velocity under the assumption of infinite medium

did not provide a correct value for shear modulus in confined geometries. In contrast

with arterial phantoms, vascular tissue is strictly anisotropic with complicated fiber

orientation, which will affect wave propagation in the artery [26]. Moreover pressure

in arteries varies over time since the blood pulse wave propagates in the arterial

system during the cardiac cycle. Fortunately, it is possible to remove the pulse wave

motion before SWE measurements, since the pulse wave (1 s) and the shear wave

(10−3 s) have different scales in magnitude [14].

In conclusion arterial SWE is a process under development and at the moment

there are not many in vivo data available. There are problems that still need to

be faced, such as anisotropy of the arterial wall and analysis of effects of SWE on

the surrounding tissue. Additionally, safety in SWE measurements is a significant

aspect that has to be taken into account when in vivo applications are performed.

Shear Wave Elasography could potentially cause safety problems due to long and

high-intensity pulses.

A.6 Safety in ultrasound

Several studies have reviewed the safety aspects of clinical ultrasound, highlight-

ing the harmlessness of the technique. However, regarding SWE the same type of

investigations has not been performed.

In this section indices are described which define a relationship between acousti-

cal quantities and the biological effects of the tissue. An ultrasound beam transmits

energy into the medium and the rate at which energy is transmitted is expressed by

the acoustical power. In case of diagnostic ultrasound this value is around 10 mW.

In order to describe how the ultrasonic power is spatially distributed, the acoustical

intensity I at a certain point in the beam is referred to. This quantity is proportional

to the square of the pressure and its complexity is due to variation over the time.

To reduce complexity, intensity can be averaged over the time from the beginning of

one pulse to the beginning of the next (time average intensity) or over the duration
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of the pulse itself (pulse average intensity). In SWE typical durations of the pulse

are around 100-150 µs.

An additional reason explaining why the intensity is a complex quantity is that

it assumes different values from point to point in the beam, thus the spatial average

intensity and the spatial peak intensity have to be taken into account. The spa-

tial peak-time average intensity attenuated at 0.3 dB/cm/MHz, ISPTA,0.3, and the

attenuated spatial peak-pulse average intensity, ISPPA,0.3, have been introduced in

order to describe both spatial and temporal aspects of intensity at the same time.

In Figure A.6 these concepts are illustrated. The equation for ISPTA,0.3 is given as:

ISPTA,0.3 = ISPPA,0.3 · PD · PRF (A.6)

where PD is the pulse duration, PRF is the pulse-repetition frequency, ISPPA,0.3 =

PII0.3/PD, and PII is the attenuated pulse intensity integral [31]:

PII0.3 =
1

104ρc

∫ t2

t1

p0.3(t)
2 dt (A.7)

where ρ is the density of water, c is the speed of sound in water, and p0.3(t) is the

attenuated pressure.

Figure A.6: ISPPA,0.3, i, and ISPTA,0.3 are the spatial-peak intensities averaged over

an individual pulse, a burst of pulses, and the burst repetition period, respectively

[31].

In Table A.1 typical values of attenuated peak rarefactional pressure (pr,0.3),

ISPTA,0.3, and ISPPA,0.3 are shown for different ultrasound scanners [27]. The Food

and Drug Administration (FDA) sets the limit for ISPTA,0.3 at 720 mW/cm2 and

ISPPA,0.3 at 190 W/cm2 [30].

Additional ultrasound exposure quantities are the thermal index (TI) and the

mechanical index (MI). TI is the ratio of the acoustical power generated by the
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Table A.1: Typical acoustical values for different ultrasound scanners (adapted from

[27]).

Operating mode pr,0.3 (MPa) ISPTA,0.3 (mW/cm2) ISPPA,0.3 (W/cm2)

B-Scan imaging 1.68 18.7 174

M-mode 1.68 73 174

Pulsed doppler 2.48 1140 288

Color flow 2.59 234 325

transducer to the power required to cause a temperature rise in the tissue of 1

degree. This quantity is calculated by algorithms in the scanner, considering the

acoustical power, the ultrasound frequency, and the beam area. Some assumptions

need to be made concerning attenuation and absorption properties of the tissue,

but also exposure times and tissue’s thermal properties. A TI of 2 means that a

maximum value of 2 degrees elevation is expected. The algorithm provides this

temperature under worst-case conditions such as stationary beam and low beam

attenuation. The soft-tissue thermal index (TIS) depends on the acoustical power

but also on the operating frequency of the transducer since the absorption coefficient

is dependent on frequency. It is important to keep in mind that the techniques used

to measure TI do not take additional events into account such as self-heating of the

transducer [27].

In contrast with TI, MI refers to the likelihood of cavitation which is the genera-

tion of tiny gas bubbles when ultrasound waves propagate through the tissue. MI0.3

is defined by:

MI0.3 =
pr,0.3√
f0

(A.8)

where f0 is the center frequency of the pulse (in MHz) and the attenuated peak

rarefactional pressure is measured in MPa. This equation refers to a model that

assumes that bubble nuclei are present in the tissue. As stated in the theory, cavi-

tation should not occur at values lower than 0.7 [24]. According to FDA, the limit

for MI is set at 1.9 [31]. A manufacturer can refer to either limiting value but, since

a MI value of 1.9 usually corresponds to a value of ISPPA,0.3 much greater than 190

W/cm2, an effective limit for ISPPA,0.3 is not present [31].

It is almost impossible for clinical users to verify risk factors from previous exist-

ing ultrasound field quantities such as ISPTA,0.3, since a certain value of ISPTA,0.3, for
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instance, can result in a significant temperature elevation as well as a negligible in-

crease, depending on other quantities such as frequency and beam area. Concerning

TI index, these parameters have already been taken into account in the algorithm.

The same consideration is valid between MI and temporal peak acoustical beam

quantities.

Regarding both TI and MI, the sonographer has always to take into account the

specific tissue that is involved. In case the path is mostly made of attenuating soft

tissue, high TI and MI settings can be used since a large component of ultrasound

beam is attenuated [1], whereas if a large fraction of the path consists of fluid, the

indices must be kept lower since they can underestimate the real values [31].

The hydrophone is a way of measuring pressure-time waveforms generated by

acoustical probes, thus it can provide relevant information to assess the safety of

diagnostic ultrasound. However, in literature there are not many available data

about the spatial distribution of pressure for SWE applications.

The hydrophone is made of piezoelectric elements which convert the mechanical

pulse into an electrical response. They can be composed of different piezoelectric

materials, such as lead zirconate titanate (PZT) ceramic or polyvinylidene difluo-

ride (PVDF) polymer, however PVDF is the most used, providing more desirable

characteristics such as wider bandwidth and more uniform frequency response [45].

Three types of hydrophone are described in this section. First, the needle-type

hydrophone (an example is illustrated in Figure A.7) is made of a thin (9-25 microns)

circular PVDF film, characterized by a diameter around 0.2-1.0 mm. This type of

hydrophone is appropriate for spatial field plotting, high frequency measurements,

and near field continuous-wave (CW) measurements [45].

Figure A.7: A 0.04 mm needle-type hydrophone. It is recommended for measure-

ments of high pressure fields above 40 MHz [44].

Second, the membrane-type hydrophone (an example is illustrated in Figure A.8)

is composed of a sheet of a PVDF film (9-50 microns) extended over an annular

hoop. The film thickness determines the resonance frequency and the sensitivity of

the hydrophone. The component of the PVDF film which is piezoelectrically active
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has a diameter approximately 0.1, 0.5 or 1 mm. Needle-type hydrophones exhibit a

larger variation in sensitivity, a uniform frequency response and improved directivity

patterns compared to membrane-type hydrophones. PVDF membrane hydrophones

have a flatter frequency response, additionally directivity pattern is different from

that predicted [45]. Finally, the fiber optic probe hydrophone provides extremely

wide bandwidth and undistorted detection of strong rarefactional pulse pressures

resulting from high cavitation threshold at the water-silica interface compared to

previous existing hydrophones [28].

Figure A.8: A 0.4 mm membrane-type hydrophone. It is recommended especially

when wide bandwidth, smooth frequency response and small active area are required

[43].
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Appendix B

B.1 MATLAB script for FOCUS

In this part of the script AttenuationPhaseAberrationModel13DASA.m the trans-

ducer parameters were specified as well as the coefficient of attenuation.

% Medium Attenuation

medium = set medium('lossless');

alpha = 0.3; % Attenuation, dB/cm/MHz

medium.attenuationdBcmMHz = alpha;

%% Define a L7-4 transducer structure/array

f0 = 4.09e6; % Ultrasound Frequency,Hz

nelex = 64; % Number of elements in azimuth

neley = 10; % Number of subdivisions for elevation focusing

width = 0.283e-3; % Element width, m

height = 7e-3; % Element height, m

kerf = 0.025e-3; % Element kerf, m

r curv = 24e-3; % Elevation focus

In this script the FWHM was calculated using a first order Gaussian fit.

%this code calculates the FWHM AND R 2 in x, y, and z direction from the 3D

%map

clear all

close all

clc

load LinArrayFOCUSXYZ L7-4 Push Model1 Ne 64 fz 35 f0 4.09 alpha 0.3.mat

% % x resolution

% %

matrix 1 = squeeze(abs(P1n))';

line 1 = matrix 1(300,:); %150 is the push depth

max point = max(line 1);

index=find(line 1==max point); % divide the vector line 1 in two vectors

vector 1=line 1(1:index);

vector 2=line 1(index+1:length(line 1));
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length 2=length(vector 2);

vector 2 new= [];

i=1;

while vector 2(i)- vector 2(i+1)>=0

vector 2 new=[vector 2 new vector 2(i)];

i=i+1;

end

vector 2 new=[vector 2 new vector 2(i)];

vector 1 new=[];

j=length(vector 1);

while vector 1(j)- vector 1(j-1)>=0

vector 1 new=[vector 1 new vector 1(j)];

j=j-1;

end

vector 1 new=[vector 1 new vector 1(j)];

v 1= [];

l=length(vector 1 new);

for k=1:l

v 1(l+1-k)=vector 1 new(k);

end

x1=x(index-length(v 1)+1:index);

x2=x(index+1:index+length(vector 2 new));

x=[x1 x2];

vector= [v 1 vector 2 new];

f = fit(1e3*x.',vector.','gauss1')

figure

plot(f,1e3*x,vector)

xlabel('x')

ylabel('pressure')

fwhm=2*sqrt(log(2))* 0.4558

gauss vector=[];

for i=1:length(x)

gauss vector=[gauss vector f(1e3*x(i))];

end

average= mean(vector)*ones(1,length(vector));

SStot=sum((vector-average).ˆ2);

SSreg= sum((gauss vector-average).ˆ2);

SSres=sum((vector-gauss vector).ˆ2);
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R 2=1-SSres/SStot %coefficient of determination

% %

%

%

%

% % % % % %y resolution

%

matrix 1 = squeeze(abs(P2n))';

line 1= matrix 1(150,:);

max point = max(line 1);

index=find(line 1==max point); % divide the vector line 1 in two vectors

vector 1=line 1(1:index);

vector 2=line 1(index+1:length(line 1));

length 2=length(vector 2);

vector 2 new= [];

i=1;

while vector 2(i)- vector 2(i+1)> 0 %50e3 instead of 0 for depth 15 mm

%for depth 15 mm (64-32 el.)

vector 2 new=[vector 2 new vector 2(i)];

i=i+1;

end

vector 2 new=[vector 2 new vector 2(i)];

vector 1 new=[];

j=length(vector 1); %j=length(vector 1)-1 for depth 15 mm (64-32 el.)

while vector 1(j)- vector 1(j-1)> 0 %50e3 instead of 0 )

vector 1 new=[vector 1 new vector 1(j)]; %for depth 15 mm (64-32 el.

j=j-1;

end

vector 1 new=[vector 1 new vector 1(j)];

v 1= [];

l=length(vector 1 new);

for k=1:l

v 1(l+1-k)=vector 1 new(k);

end

y1=y(index-length(v 1)+1:index); %y1=y(index-length(v 1):index-1)

y2=y(index+1:index+length(vector 2 new)); %for depth 15 mm (64-32 el.)

y=[y1 y2];

vector= [v 1 vector 2 new];
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f = fit(1e3*y.',vector.','gauss1')

figure

plot(f,1e3*y,vector)

xlabel('y')

ylabel('pressure')

fwhm=2*sqrt(log(2))* 1.512

gauss vector=[];

for i=1:length(y)

gauss vector=[gauss vector f(1e3*y(i))];

end

average= mean(vector)*ones(1,length(vector));

SStot=sum((vector-average).ˆ2);

SSreg= sum((gauss vector-average).ˆ2);

SSres=sum((vector-gauss vector).ˆ2);

R 2=1-SSres/SStot %coefficient of determination

%z resolution

matrix 1 = squeeze(abs(P1n))';

index min=find(abs(x)==min(abs(x)));

line 1= (matrix 1(:, index min))';

plot(line 1)

max point = max(line 1);

index=find(line 1==max point) ; %I divide the vector line 1 in two vectors

vector 1=line 1(1:index);

vector 2=line 1(index+1:length(line 1));

length 2=length(vector 2);

vector 2 new= [];

i=1;

while vector 2(i)- vector 2(i+1)>0

vector 2 new=[vector 2 new vector 2(i)];

i=i+1;

end

vector 2 new=[vector 2 new vector 2(i)];

vector 1 new=[];

j=length(vector 1);

while vector 1(j)- vector 1(j-1)>0
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vector 1 new=[vector 1 new vector 1(j)];

j=j-1;

end

vector 1 new=[vector 1 new vector 1(j)];

v 1= [];

l=length(vector 1 new);

for k=1:l

v 1(l+1-k)=vector 1 new(k);

end

z1=z(index-length(v 1)+1:index);

z2=z(index+1:index+length(vector 2 new));

z=[z1 z2];

vector= [v 1 vector 2 new];

f = fit(1e3*z.',vector.','gauss1')

figure

plot(f,1e3*z,vector)

xlabel('z')

ylabel('pressure')

fwhm=2*sqrt(log(2))* 7.607

gauss vector=[];

for i=1:length(z)

gauss vector=[gauss vector f(1e3*z(i))];

end

average= mean(vector)*ones(1,length(vector));

SStot=sum((vector-average).ˆ2);

SSreg= sum((gauss vector-average).ˆ2);

SSres=sum((vector-gauss vector).ˆ2);

R 2=1-SSres/SStot %coefficient of determination
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B.2 MATLAB script for Verasonics

This part of the script SetUpL74V 1GUISongECGLoopCntN10.m determines

the generation the shear wave.

for i = 1:Resource.RcvBuffer(2).numFrames

% %Shear wave imaging

Event(n).info = 'Switch to profile 5.';

Event(n).tx = 0;

Event(n).rcv = 0;

Event(n).recon = 0;

Event(n).process = 0;

Event(n).seqControl = 3;

n = n+1;

Event(n).info = 'noop for charging ext. cap.';

Event(n).tx = 0;

Event(n).rcv = 0;

Event(n).recon = 0;

Event(n).process = 0;

Event(n).seqControl = 4;

n = n+1;

Event(n).info = 'Dummy acquisition';

Event(n).tx = na+2;

Event(n).rcv = 0;% Event(n).rcv

Event(n).recon = 0; % no reconstruction.

Event(n).process = 0; % no processing

Event(n).seqControl = [2,nsc sync]; % no seqCntrl

n = n+1;

.....

end

%

In this part of the function wbdCallbackgridFocusL74LPFN the five depths

were defined.

switch fidx

case 1

TW(2).Parameters = [22,21,1,1];

%TW(2).Parameters = [3.90,0.8,25,1]; % C parameter is mult by 64.

TX(na+1).focus = 40; %[42,63,84,104,125] --> [10,15,20,25,30]

old value 32

TX(na+1).Apod = [zeros(1,45), ones(1,38),zeros(1,45)];

%old ones 51 26 51

TX(na+1).Delay = computeTXDelays(TX(na+1));
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case 2

TW(2).Parameters = [22,21,1,1];

%TW(2).Parameters = [3.90,0.8,25,1]; % C parameter is mult by 64.

TX(na+1).focus = 53; %[42,63,84,104,125] --> [10,15,20,25,30]

%old value 49

TX(na+1).Apod = [zeros(1,38), ones(1,52),zeros(1,38)];

%old ones 44 40 44

TX(na+1).Delay = computeTXDelays(TX(na+1));

case 3

TW(2).Parameters = [22,21,1,1];

%TW(2).Parameters = [3.90,0.8,25,1]; % C parameter is mult by 64.

TX(na+1).focus = 66; %[42,63,84,104,125] --> [10,15,20,25,30]

%old value 65

TX(na+1).Apod = [zeros(1,32), ones(1,64),zeros(1,32)];

%old ones 38 52 38

TX(na+1).Delay = computeTXDelays(TX(na+1));

case 4

TW(2).Parameters = [22,21,1,1];

%TW(2).Parameters = [3.90,0.8,25,1]; % C parameter is mult by 64.

TX(na+1).focus = 80; %[42,63,84,104,125] --> [10,15,20,25,30]

%old value 81

TX(na+1).Apod = [zeros(1,26), ones(1,76),zeros(1,26)];

TX(na+1).Delay = computeTXDelays(TX(na+1));

case 5

TW(2).Parameters = [22,21,1,1];

%TW(2).Parameters = [3.90,0.8,25,1];% C parameter is mult by 64.

TX(na+1).focus = 93; %[42,63,84,104,125] --> [10,15,20,25,30]

%old value 97

TX(na+1).Apod = [zeros(1,19), ones(1,90),zeros(1,19)];

%old ones 25 78 25

TX(na+1).Delay = computeTXDelays(TX(na+1));

end
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[36] I. Cèspedes, J. Ophir, H. Ponnekanti, and N. Maklad. Elastography: elasticity

imaging using ultrasound with application to muscle and breast in vivo. Ultrason.

Imaging. 15(2):73-88, 1993.

[37] A. Athanasiou, A. Tardivon, M. Tanter, B. Sigal-Zafrani, J. Bercoff, T. Deffieux,

J.L. Gennisson, M. Fink, and S. Neuenschwander. Breast lesions: quantita-

tive elastography with supersonic shear imaging: preliminary results. Radiology

256(1):297-303, 2010.

[38] A. Evans, P. Whelehan, K. Thomson, D. McLean, K. Brauer, C. Purdie, L.

Jordan, L. Baker, and A. Thompson. Quantitative shear wave ultrasound elastog-

raphy: initial experience in solid breast masses. Breast Cancer Res. 12(6):R104,

2010.

[39] N. Frulio and H. Trillaud. Ultrasound elastography in liver. Diagn. Interv. Imag-

ing. 94(5):515-34, 2013.
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