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Abstract
Each year million of babies are born pre-term, some of these pre-term births occur due to the mother
having a too soft cervix which can not withstand the forces the baby exposes it to. The aim of this
study was to implement and evaluate a programmable shear wave elastography ultrasound system for
cervical applications and investigate the optimal settings of shear wave elastography push voltage and
shear wave elastography push focus depth. Shear wave elastography is an ultrasound based imaging
modality aiming to evaluate the tissue elasticity by using acoustic radiation forces to induce shear waves.
The propagation of the shear waves through the tissue is then tracked in order to calculate the shear
wave velocity which is related to the tissue elasticity. B-mode imaging, pushing sequence and plane
wave imaging have been implemented and measurements have been conducted on four cervical polyvinyl
alcohol phantoms. The acquired data has been post-processed using Loupas 2D-autocorrector to gain
the axial displacement and enabling tracking of the shear waves to allow evaluation and optimization
of the implemented method. The implemented shear wave technique showed to be able to distinguish
cervical phantoms of different elasticity and a high pushing voltage and shallow focus push depth have
been found to produce the most reliable results.
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Sammanfattning
Varje år föds miljoner av barn prematura, somliga på grund av att modern har en alltför mjuk livmoderhals som inte kan motstå de krafter som barnet utsätter den för. Syftet med denna studie var att
implementera och utvärdera ett programmerbart skjuvvågelastografiultraljudssystem för livmoderhalsapplikationer samt att undersöka de optimala inställningarna av den starka ultraljudspulsens spänning
och fokuseringsdjup. Skjuvvågelastografi är en ultraljudsbaserad avbildningsmodalitet som syftar till att
utvärdera vävnadselasticiteten genom att använda en stark ultraljudspuls för att inducera skjuvvågor.
Utbredningen av skjuvvågorna genom vävnaden spåras för att kunna beräkna skjuvvågshastighet vilken
är relaterad till vävnadenselasticitet. B-mode avbildning, starka ultraljudspulser och snabb avbildning
har implementerats och mätningar har genomförts på fyra livmoderhalsfantomer gjorda av polyvinylalkohol. Den förvärvade datan har efterbearbetats med Loupas 2D-autocorrector att för att utvinna
den axiella förskjutningen vilket möjliggör spårning av skjuvvågorna och därmed också utvärdering och
optimering av den implementerade metoden. Den implemeterade skjuvvågtekniken visade sig kunna
skilja på livmoderhalsfantomer av olika elasticitet och en hög spänning på den starka ultraljudspulsen
och ytlig fokusdjup av densamma har visat sig ge de mest tillförlitliga resultaten.
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Chapter 1

Introduction
Spontaneous pre-term births affect nearly 13 million babies annually and even though extensive efforts
to lower the number of affected babies have been performed, no change in the rate has been noticed [1].
Pre-term birth can occur due to several reasons, in some cases due to the foetus but it might as well be
maternal [2]. Cervical incompetence or cervical insufficiency affects some pregnant women and can lead
to an early and accelerated softening and shortening of the cervical tissue [3]. The inner and outermost
cervical tissue consist of structured collagen aligned in the longitudinal direction, along the cervical canal,
while the middle layer contain tissue aligned in the circumferential direction, around the cervical canal.
The two directions of connective tissue provide strength both along and around the cervical canal [4].
At the moment the best way to predict the risk of a pre-term birth is to assess the length of the cervix
and the shape of internal os i.e the opening between the uterus and cervix [5]. Cervical shortening is
related to the remodelling of the cervical tissue which occur naturally as the body prepares for the birth.
However if the changes starts too early, the pressure at internal os increases and as an effect starts to
open. Cervical shortening occurs after cervical remodelling already has been in progress and thereby assessing the tissue elasticity would provide important information regarding the risk of a pre-term birth [6].
The elasticity or stiffness of a tissue will determine how much force it can withstand. A tissue with
low stiffness is more elastic and will not withstand high pressures without reshaping. Having this in
mind it is quite clear that a soft cervix will contribute to a higher risk of a pre-term birth. By assessing
the elasticity of the cervix, key information i.e severity of cervical remodelling can be gained [7]. During
the last couple of years ultrasonic shear wave elastography (SWE) has been applied to tissues such as
breast [8] and liver [9]. In SWE, shear waves are generated in the tissue by applying an ultrasonic
radiation force. The shear wave speed is directly proportional to the material shear modulus and can be
tracked with an appropriate imaging modality e.g ultrasound [10] [11]. As the shear waves are quickly
attenuated by the tissue, the elasticity measurements can be highly localized. SWE enables assessment
of elasticity of non-superficial tissues and can provide quantitative and user-independent information as
the push is induced by the transducer and through palpation with the transducer.
Earlier performed SWE studies on the cervix, has been conducted using commercial SWE-systems.
The commercial SWE-systems are not adjustable and are supposed to be applied in large, homogeneous
organs such as the breasts or liver. One study used the Aixplorer ultrasound system (SuperSonic Imagine, Aix-enProvence, France) to study the elasticity during uterine contraction and the anisotropy of
the cervix i.e fibre orientation on pregnant women [7]. Another study aimed at estimating the shear
wave speed in the uterine cervix with various degree of ripening. Measurements were conducted in hysterectomy specimens using a Siemens Acuson S2000 ultrasound system (Siemens Healthcare, Ultrasound
Business Unit, Mountain View, CA, USA) [12].
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Chapter 2

Objectives
The objective of this study was to:
• Implement and evaluate SWE for cervical applications using a programmable ultrasound system
on an endocavitary transducer (curvilinear array transducer).
• Investigate optimal settings of SWE push voltage and SWE push focus depth in order to measure
the longitudinal and circumferential elasticity on cervical phantoms.
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Chapter 3

Method
Cervical phantoms and an experimental set-up to enable elasticity measurements were constructed. SWE
was implemented on a endocavitary transducer using a programmable ultrasound system and later used
to acquire data enabling assessment of optimal settings.

3.1

Phantom Construction

Cervical phantoms were constructed with polyvinyl alcohol (PVA). PVA is a material that can be processed through freeze-thaw (FT) cycles to gain soft tissue-mimicking properties [13] as cross-linking
occurs when the solution undergoes FT-cycles. The acoustic velocity and attenuation increases with
the number of freeze-thaw cycles applied i.e the phantom becomes stiffer with an increasing number of
applied FT-cycles. [14].
In this study 10 %, by mass, PVA (Sigma-Aldrich, St. Louis, MO) was mixed with 87 % deionized
water and 3 % graphite powder (Merck KGaA, Darmstadt, Germany). The mixture was heated in a
water bath and then poured into a mould, see figure 3.1a. The phantoms were shaped as cylinders with
a diameter of 2.5 cm and height of 3 cm as can be seen in figure 3.1a. The phantoms had a hollowness,
2 mm in diameter, going through the phantoms in order to mimic the cervical canal as can be seen in
Figure 3.1b. The hollowness was acquired by having a metal rod attached to the bottom of the phantom
mould. The phantoms can be considered as a simplified version of a human cervix. The shape and
dimensions has been chosen based on information available regarding the human cervix [15].
When the mixture had gained room temperature, repeated FT-cycles were performed. Each FT-cycle
lasted 24 hours, 12 hours freezing and 12 hours thawing. During the freeze period the phantom was
placed in a freezer at -23 ◦ C and during thawing in room temperature at 20 ◦ C. Four phantoms were
constructed in this project. Two of the phantoms, Phantom 1 and Phantom 2 underwent two FT-cycles
and Phantom 3 and Phantom 4 underwent three FT-cycles.

7

(a)

(b)

Figure 3.1: The phantom mould and a constructed phantom. 3.1a) The phantom mould which consisted
of a hollow cylinder with inner diameter of 2.5 cm and a bottom with a metal rod attached to it can
be seen to the left. To the right in the image a cervical phantom standing up can be seen. 3.1b) The
phantom from 3.1a viewed from above with the 2 mm mimicked cervical canal in the center.
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3.2

Experimental Set-up

The cervix consists of circumferential and longitudinal connective tissue (see Appendix 6 for more information). It was therefore desired to assess elasticity in both the longitudinal and circumferential
direction see Figures 3.2a and 3.2b. In order to achieve this SWE was conducted when the phantoms
was lying or standing on a PVA-block which had underwent 3 FT-cycles, see Figure 3.3. The PVA-block
was placed in a container with water which covered the PVA-block, phantom and transducer elements.
The phantoms were placed on the PVA-block in order to lower reflections and artefacts, providing more
accurate data to be acquired. The transducer was mounted to a laboratory stand to ensure that the
transducer was fastened and positioned the same for all measurements. Due to the risk of breaking the
elements during the push, the transducer was placed as close to the phantom as possible without putting
any pressure on it and hence create compression due to palpation.

(a)

(b)

Figure 3.2: Directions of elasticity that was assessed 3.2a) The longitudinal direction represented with
white lines on a lying phantom. 3.2b)The circumferential direction represented with white lines on a
standing phantom.

(a)

(b)

Figure 3.3: The experimental set-up while investigating the elasticity of a PVA-phantom using the
curvilinear array, ATL C9-5, transducer. The black cylinder represent the phantom and the white line
on the phantom illustrates the direction being investigated. The gray box represents the PVA-block
which the phantom is placed on. The laboratory stand which the transducer is mounted on is also
illustrated. 3.3a)Longitudinal elasticity assessment. 3.3b)Circumferential elasticity assessment.
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3.3

Shear wave elastography implementation

A curvilinear array transducer, ATL C9-5 (Advanced Technology Laboratories Inc, Bothell, WA, USA),
was used to implement SWE on the cervix. This probe is compatible with the Verasonics V1 4-board
system (Verasonics Inc, Kirkland, WA, USA) which enables the user to program the transducer in such a
way that SWE can be achieved. The Verasonics system is programmed by setting up Matlab scripts that
generates the structures needed to achieve the desired action. The Matlab script generates a .mat-file,
which stores the structures set and loads into the system when the Verasonics Script eXecution (VSX) is
executed on the .mat-file. Earlier projects within the SWE-field at KTH Royal Institute of Technology,
have been performed with a linear array transducer. However the ATL C9-5 transducer is a curvilinear
array transducer and earlier produced code available for a linear transducer can not be applied to the
ATL C9-5 transducer without modifications. In order to implement SWE on the ATL C9-5 transducer
several steps was taken in order to modify already existing code and development of new code. These
steps consisted of three major compartments which are illustrated in Figure 3.4. B-mode imaging is
required to check the placement of the phantom and to align the transducer and phantom for the push
created by the pushing sequence. Plane wave imaging is used to track the shear wave propagation
through the cervical phantom.

Figure 3.4: To the left, a schematic illustration of the achieved activation of transducer elements for each
action. To the right, the steps required to take in order to achieve implementation of SWE; shear wave
elastography

10

3.3.1

B-mode Imaging

B-mode imaging was achieved by setting up a script that provided the parameters needed to transmit
and receive ultrasound signals, a sample of longitudinal and transverse B-mode images can be seen in
Figures 3.5 and 3.6. As the ATL C9-5 transducer was a known transducer Verasonics had approved
usage of the probe with the system and provided some set-up scripts, e.g computeTrans, which simplified the implementation of the transducer. ComputeTrans provides information such as the number of
elements, width of the elements and which type the transducer is, i.e linear or curvilinear. By calling
the computeTrans script, information of the geometry can be gathered and thereby making the coding
of the transducer easier.
The transmit waveform (TW) informs the hardware how the transmitted waveform should be generated. This is set by four parameters, A, B, C and D. A is the number of master clocks with a period
(Tm ) of 5.556 ns in a half cycle of the wanted wave form. In this case, with a center frequency (fc ) of
7.5 MHz and period Tfc = f1c the A parameter will be equal to 12 according to Equation 3.1.

A=

Tfc
2 Tm

(3.1)

The B parameter is the number of master clocks that are active during a half cycle period, the B parameter is A - 1 in this case in order to minimize the abruptness when the wave changes from one polarity
to the other. The C parameter is the number of half cycles in the transmit waveform and was set to 2,
providing a single cycle burst. The D parameter specifies the polarity of the initial half cycle, and was
set to 1 to indicate a positive polarity.
In the Transmit operation (TX) the transmitted wave is further formed by setting the parameters such
as focus, delay and apodization (Apod) depending on the wanted wave. In the set-up script for B-mode
imaging, focus and delay was set to 0 to enable plane wave imaging and herein no delays between the
elements. Apod was set to 1 on all the elements which means that they are all active and can transmit
ultrasonic signals. In order to be able to receive ultrasonic signals a receive operation needs to be applied.
The receive operation sets the time the elements are able to receive a signal, where the radio frequency
data should be stored and which receive channels are active.
The user needs to specify Events in order to acquire the data wanted. Events specify several operations
such as transmit (tx), receive (rcv), reconstruction (recon), process and sequence controls (seqControl).
The sequence controls provide information related to a sequence event. Each sequence control contains
a command, condition and argument. In the set-up for the B-mode imaging three Events were created.
One for acquisition, one for reconstruction and processing and one to jump back to the MatLab code.
This jump back ensures that the image can be refreshed and also speed up the response when the user
change the voltage applied or time gain control (TGC) in the graphical user interface (GUI).
The frame rate for the B-mode images seen in Figures 3.5 and 3.6 were 333 Hz or frames per second (fps) according to Equation 3.2, the time between each transmit event tt e was set to 3 ms due to
hardware limitations.

Frame rate =
11

1
tte

(3.2)

Figure 3.5: A longitudinal B-mode image of a cervical phantom acquired with the ATL C9-5 transducer.

Figure 3.6: A transverse B-mode image of a cervical phantom acquired with the ATL C9-5 transducer.
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3.3.2

Pushing Sequence

There are several types of pushing sequences that can be used to generate shear waves. In this project
a single, focused push with the center frequency fcp of 6 MHz and pushing duration of 100 µs was
used. This was accomplished by specifying a second transmit waveform structure with A, B, C and D
parameters, see Table 3.1, different from the TW structure set for plane wave imaging, see Table 3.2 as
the center frequency for the pushing sequence fcp was changed.
Parameter
A
B
C
D

Value
15
14
19
1

Table 3.1: TW parameters for pushing sequence
As mentioned earlier the C parameter represent the number of half cycles and hence the duration of the
pulse. In order to allow a push duration of 100 µs the VDASextendBL TW structure needs to be defined.
By setting the VDASextendBL to 1, i.e true, the C parameter is multiplied with 64, i.e prolonging the
duration of the push. To fulfil the push duration of 100 µs with earlier mentioned fcp and half wave
period Tfcp 1/2 of 2·f1cp the C parameter was equal to 19 according to Equation 3.3.
C=

100µs
64 · Tfcp 1/2

(3.3)

The TX parameters were also differently specified compared to the plane wave specifications. During
the push only the 32 center elements were used, this was achieved by using Apod where the 32 center
elements were specified to 1 i.e on while the rest of the elements were set to 0 and hence inactive. By
specifying the focus parameter the push could be focused at different wavelengths. However only one
focus wavelength could be used at the same time. In this project, three different focus depths of the
push in each direction were used, see Section 3.4

3.3.3

Plane Wave Imaging

The next step was to enable plane wave imaging as B-mode imaging cannot provide the frame rate
needed to follow the shear wave propagation. Plane wave imaging enables faster data acquisition as
all the elements of the transducer are fired off simultaneously. This was achieved by setting the TX
parameters, focus and delay, to 0 i.e no focus or delay between the elements. Apod was set to 1 for
all 128 elements which enabled all 128 elements to transmit and receive signals at the same time. The
transmit waveform (TW) was set to the same parameters as in B-mode imaging, see Table 3.2, as the
same center frequency, fc = 7.5 MHz, was used.
Parameter
A
B
C
D

Value
12
11
2
1

Table 3.2: TW parameters for plane wave imaging and B-mode imaging
In order to follow the shear wave propagation through a tissue, a high frame rate is needed. As mentioned
earlier the user needs to specify Events in order to obtain the data required. In the script used in this
project the Event for plane wave imaging was scripted in a for-loop with the parameter i set to 1:na.
na or the number of plane wave acquisitions is set earlier in the script and chosen by the user, in this
case, na was set to 50. Meaning that 50 images were taken after each push to enable imaging of the
shear wave propagation. As the user needs to specify the operations that take place during an event a
13

sequence control for deciding the time between the plane wave transmission was inserted in the set-up
script. The shorter the time between the plane wave transmissions the more accurate assumptions can
be made concerning velocity of the shear wave propagation. In this project the time between the plane
wave transmissions tpw were set to 105 µs due to hardware limitations. The pulse repetition frequency
(PRF) and the frame rate of this repeated signal was ≈ 9.5 kHz according to Equation 3.4.
PRF =

14

1
tpw

(3.4)

3.4

Data Acquisition

In order to collect data for elasticity assessment and evaluation of optimal push settings, a sampling
protocol was used. This protocol (Table 3.3) enables several parameters, e.g push depth and push
voltage, to be changed to see the effects on the shear wave propagation through the phantoms. In this
project four phantoms were used, see Table 3.4. This enabled the shear wave velocity to be investigated
in phantoms with the same and different elasticity.

Phantom name

Elasticity assessment direction

Push voltage

Phantom 1/2/3/4

Circumferential
Longitudinal

16/24/32/40/48
16/24/32/40/48

Push focus depth
(wavelengths)
29/58/88
42/52/62

Table 3.3: Sampling protocol for data collection

Phantom name
Phantom 1
Phantom 2
Phantom 3
Phantom 4

FT-cycles
2
2
3
3

Table 3.4: Phantom name, applied FT-cycles and manufacturing date for phantoms used in this project.
FT; Freeze thaw cycles

By changing the voltage applied for the push, the induced push will be less or more forceful creating
shear waves of different amplitude. The voltage applied were stepwise increased by a step of 8 V from
16 V to 48 V. 16 V was chosen after initial testing to be the minimum voltage to be applied as shear
waves was only induced in the 2 FT phantoms. Due to hardware limitations and the risk of damaging
the transducer elements no more than 48 V could be applied for the push.
Pushing occurred in two directions, along the cervical canal and perpendicular to the cervical canal
see figures 3.2a and 3.2b. By pushing along, but not in the the cervical canal, the circumferential shear
wave speed and elasticity could be evaluated. Pushing perpendicular to the cervical canal revealed the
longitudinal shear wave speed and elasticity.
Another parameter that was varied was the focus depth of the push. Pushing occurred at three different positions in the phantom in each set of investigated direction which is illustrated in Figures 3.7a
and 3.7b. The focus depths was chosen to be 29 λ, 58 λ and 88 λ when the circumferential direction was
investigated. These wavelengths corresponded to 7 mm, 15 mm and 23 mm of depth, see Figure 3.7b and
was chosen in order to provide assessment of how the push is affected by a the push depth. When pushing
in the longitudinal direction 42 λ, 52 λ and 62 λ was chosen. These wavelengths corresponded to 11 mm,
13 mm and 16 mm of depth, see Figure 3.7a. When pushing at 13 mm of depth the push occurred very
close to the mimicked cervical canal which is positioned in the center of the 25 mm diameter phantom.
Therefore assessment of the cervical canal’s effect on the measurements can be conducted.
15

(a)

(b)

Figure 3.7: Pushing depth when examining the two elasticity directions. The white dots on the phantoms
represents pushing focus. 3.7a) Assessment of longitudinal elasticity by pushing at 42λ, 52λ and 62λ
corresponding to 11 mm, 13 mm and 16mm depth. 3.7b) Assessment of circumferential elasticity by
pushing at 29λ, 58λ and 88λ corresponding to 7 mm, 15 mm and 23 mm depth.
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3.5

Post-Processing

The post-processing consisted of three major partitions, axial displacement estimation, estimation of
group shear wave velocity and estimation of elastic modulus. The data acquired during the data acquisition needed to be processed in order to gain the axial displacement and henceforth the shear wave
velocity and elastic modulus in a region of interest (ROI) of the phantoms.

3.5.1

Axial displacement estimation

In order to estimate the axial displacement caused by the propagation of the shear waves, Loupas 2Dautocorrector script was used. This script was already available, however it had to be slightly modified
in order to fit the curvulinear transducer and ROI. The script calculate the axial displacement [16] by
estimating the phase shift in the in-phase and quadrature (IQ) data at each depth which represents a
localized displacement [17]. The ROI sent from the acquired IQ-data in to the Loupas 2D-autocorrector
was chosen to be the first 150 rows, all 366 columns and the 45 first frames. In order to assess the axial
displacement in the ROI the Loupas script ignores the deepest five rows. Resulting in axial displacement
matrix of size 145 rows, 366 columns and 45 frames. Images of the axial displacement matrix can be
seen in Figure 3.8.

(a) Frame 5

(b) Frame 10

(c) Frame 15

(d) Frame 20

Figure 3.8: Axial displacement maps acquired from a 2 FT-cycles phantom for frame 5, 10, 15 and 20
after the push. The elasticity was investigated in the longitudinal direction and pushing focus depth was
located at 52 λ i.e 13 mm of depth, the pushing voltage was 48 V. The time between each frame was 105
µs.
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3.5.2

Shear wave velocity estimation

When axial displacement maps showed shear wave propagation, see Figure 3.8 the output data was
further analysed. This analysis had three steps that needed to be conducted in order to estimate the
shear wave velocity.

1. Choose ROI

2. Create an image from ROI which illustrates the shear wave propagation over time

3. Fit a line in the image of shear wave propagation over time to estimate shear wave velocity

Region of interest
First a ROI from the axial displacement matrix was chosen. The ROI was the two rows above the push,
the push row and the two rows below the push, see Figure 3.9a together with all 366 columns and 45
frames.

(a)

(b)

Figure 3.9: Axial displacement map for a 2FT phantom in frame 10, pushing focus depth is 52 λ and
pushing voltage is 48 V. 3.9a) The box represents the ROI chosen. 3.9b) A detailed image of the rows
in the ROI.

Shear wave propagation
The mean value of the ROI was calculated creating a matrix of 366 rows (mean axial displacement in the
axial and lateral axis) and 45 columns i.e axial displacement over time. This matrix is used when images
of the shear wave propagation over time is created. Due to the push it self causing axial displacement of
a higher amplitude than the shear waves, see Figure 3.10a the first five frames were discarded in order
to provide a better shear wave propagation map, see Figure 3.10b.
18

(a)

(b)

Figure 3.10: Shear wave propagation images. 3.10a) All 45 frames used to create the butterfly image.
3.10b) Frame 5 to 45 used to create the butterfly image.

Shear wave velocity

In order to estimate the shear wave velocity, for the left an right induced shear wave the maximal
intensity in each column i.e frame was located. As the maximal intensity of the shear wave occurs to
the left in Figure 3.10b the ROI was chosen to be frame 5-12. The coordinates of the max intensity
pixels, see Figure 3.11a, was used to estimate a line with the least squares method, see Figure 3.11b.
The shear wave velocity was estimated by calculating the slope of the fitted line. This was accomplished
by comparing the coordinates of the fitted line at frame 1 with the coordinates at frame 8 and hence
gaining the estimated distance of movement in wavelengths along the y-axis, see Equation 3.5. This
value was multiplied with the wavelength in order to get the distance in meters and then divided with
the time for 7 frames which was accomplished using Equations 3.6 and 3.7.

distance = (yend − y1 ) · λ

(3.5)

time = (xend − x1 ) · 105µs

(3.6)

velocity =
19

distance
time

(3.7)

(b)

(a)

Figure 3.11: Shear wave propagation images for shear wave estimation. 3.11a) The red line shows the
pixels containing the maximal intensity of axial displacement. 3.11b) A black fitted line to the found
maximum pixels which are illustrated with the red line.

3.5.3

Elasticity estimation

The shear elastic modulus, G, of a material is estimated from the shear wave velocity cs and density ρ
according to Equation 3.8 [18]. If a material can be considered to be incompressible i.e no change in
density and uniformly elastic, Young’s modulus, E, and G are related according to Equation 3.9 where
Poisson’s ratio (v ) is equal to 0.5. This means that E can be calculated according to Equation 3.10
As the number of applied FT-cycles varied between the phantoms, the density also needs to be varied. For the phantoms which underwent 3 FT-cycles the density is assumed to be ρ3F T = 1070 kg/m3
and for the 2 FT-cycle phantoms ρ2F T = 1024 kg/m3 [19].
G = cs 2 · ρ

(3.8)

E = 2G(1 + v)

(3.9)

2

(3.10)

E = 3 · G = 3 · cs · ρ

20

Chapter 4

Results
This chapter lists the results achieved from the SWE measurements conducted on cervical phantoms.
The results is presented in three sections, Pushing voltage, Push focus depth and Elasticity assessment.
In order to enable evaluation of the acquired results, two parameters have been studied. The mean axial
displacement as a measure of push strength i.e amplitude of induced shear waves and the difference of
the estimated left wave and right wave Young’s modulus in order to get a measure of how stable the
implemented system is. The estimated elasticity to the left and right of the pushing location should be
the same i.e a small or no difference should be acquired.

4.1

Voltage dependence

A push voltage of 16 V generated shear waves in the phantoms which had underwent 2 FT-cycles. However these were very weak which can be seen in Figure 4.1a. When the pushing voltage was increased,
the induced shear waves became stronger and more obvious, which is illustrated in Figures 4.1b to 4.1e.
The results also revealed that shear waves were induced in all the phantoms when the applied pushing
voltage was 32 V or higher. Due to this, data for 16 V and 24 V was only obtained from two phantoms,
Phantom 1 and Phantom 2.
The axial displacement caused by the shear waves was at lower voltages very small, which is illustrated in Figure 4.2. The shear wave propagation maps and the chart shows that when a higher push
voltage was applied during the push, more axial displacement occurred. The results also revealed that
the axial displacement was higher when shear waves were generated perpendicular to the cervical canal
i.e when the circumferential direction was investigated.
In order to assess the most appropriate pushing voltage to obtain stable and reliable measurements
of the elasticity, left and right shear waves were compared. According to Figure 4.3, the difference of the
estimated left and right elasticity (Young’s modulus), ∆E, was larger when pushing with a lower voltage.
By increasing the voltage, the estimated left and right elasticity difference decreases and the estimated
values becomes closer to each other i.e the elasticity estimation can be considered more stable. Moreover,
the difference between estimated left and right elastic modulus is smaller when the longitudinal direction
was evaluated, i.e shear waves were generated along the cervical canal, compared to the circumferential.
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(a)

(b)

(c)

(d)

(e)

Figure 4.1: Shear wave propagation maps acquired from a 2 FT-cycles phantom using different push
voltages when elasticity in the longitudinal direction was investigated and the pushing focus at 52 λ i.e
13 mm of depth. 4.1a) 16 V, 4.1b) 24 V, 4.1c) 32 V, 4.1d) 40 V and 4.1e) 48 V.
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Figure 4.2: Mean axial displacement for left and right wave at different voltages for all four phantoms. N
is the number of samples and has a maximum of 24. The gray blocks show the axial displacement caused
by shear waves while investigating the longitudinal direction, the red blocks represents the circumferential
direction. The standard deviation is also presented.

Figure 4.3: The difference between the estimated left wave and right wave elasticity at different applied
voltages for all four phantoms. N is the number of samples and has a maximum of 12. The gray blocks
represents the difference between the estimated left wave and right wave elasticity when the longitudinal
elasticity was assessed while the red blocks represents the occurring difference in the circumferential
elasticity.
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4.2

Push focus depth

The results gained in the earlier Section Section 4.1 showed that the highest mean axial displacement
and smallest difference between estimated right and left elasticity occurred at 40 V and 48 V. Therefore
these voltages were chosen to be used when further analysis of the influence of push focus depth when
elasticity measurements were conducted.

4.2.1

Circumferential direction

Figures 4.4 and 4.5 show sample shear wave propagation maps acquired by pushing with different pushing depths and two different push voltages. Shear wave propagation maps could be established for all
phantoms and push focus depth with the exception of Phantom 4 and and push focus depth of 7 mm.
The mean axial displacement decreased as the pushing depth increased i.e the axial displacement became smaller as the push focus depth was increased beyond 7 mm of depth. This is visualized in Figure
4.6. The difference between the mean axial displacement retrieved at the different pushing depths was,
however, smaller when a pushing voltage of 40 V was applied compared to 48 V.
Evaluation of the estimated difference between left and right wave elasticity showed that with an increased focus depth, the difference also increased, i.e less stable elasticity values when pushing occurred
deeper in the phantom. The best estimation of the circumferential elasticity therefore occurred when
pushing focus was set closer to the transducer. However the standard deviation of estimated difference
between left and right wave elasticity with focus depth of 7 mm was larger than the standard deviation
acquired with a focus depth of 15 mm, see Figure 4.7.

(a) 7 mm

(b) 15 mm

(c) 23 mm

Figure 4.4: Shear wave propagation maps acquired from a 3 FT-cycles phantom using different push
focus depth when investigating the circumferential elasticity with a pushing voltage of 40 V.

(a) 7 mm

(b) 15 mm

(c) 23 mm

Figure 4.5: Shear wave propagation maps acquired from a 3 FT-cycles phantom using different push
focus depth when investigating the circumferential elasticity with a pushing voltage of 48 V.
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Figure 4.6: Mean axial displacement for left and right wave at different pushing focus depth for all
four phantoms when investigating the circumferential elasticity. N is the number of samples and has a
maximum of 8. The gray bars represents pushing at 40 V while the red ones represents pushing at 48
V. The standard deviation is also presented.

Figure 4.7: The difference between the estimated left wave and right wave elasticity at different pushing
focuses when investigating the circumferential elasticity. N is the number of samples and has a maximum
of 4. The gray bars represents pushing at 40 V while the red ones represents pushing at 48 V. The
standard deviation is also presented.
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4.2.2

Longitudinal direction

Figures 4.8 and 4.9 show sample shear wave propagation maps acquired when pushing occurred at three
different pushing depths and two different pushing voltages. Shear wave propagation maps could be
retrieved for all four phantoms at all three pushing depths.
The highest mean axial displacement occurred when push focus depth was set to 11 mm or 13 mm
during longitudinal elasticity investigation, which can be seen in Figure 4.10. The difference in mean
axial displacement between the two push depths was the same for both applied voltages, 40 V and 48 V.
When the pushing voltage was set to 48 V a higher mean axial displacement was achieved for all three
pushing depths compared to 40 V. However the standard deviation showed a greater variability when
pushing focus was set to 13 mm and pushing voltage was 48 V compared to an applied voltage of 40 V.
The mean axial displacement decreased when pushing occurred at 16 mm of depth, but the decrease was
not as noticeable as it was in the circumferential elasticity assessment.
Evaluation of the estimated difference between left and right wave elasticity revealed that when the
pushing focus depth was set to 11 mm and applied voltage was 40 V, the smallest difference between
estimated right and left elasticity was achieved, see Figure 4.11. When the voltage was increased to 48
V, a focus depth of 13 mm gave the smallest estimated difference and the difference between estimated
left and right wave elasticity was relatively stable for all push focus depths when pushing with 48 V.
However the standard deviation showed a greater variability when pushing with 48 V at 11 mm and 13
mm while a greater variability was seen at 16 mm of push depth and applied voltage of 40 V.

(a) 11 mm

(b) 13 mm

(c) 16 mm

Figure 4.8: Shear wave propagation maps acquired from a 3 FT-cycles phantom using different pushing
focus depth when the elasticity was investigated in the longitudinal direction with a pushing voltage of
40 V.

(a) 11 mm

(b) 13 mm

(c) 16 mm

Figure 4.9: Shear wave propagation maps acquired from a 3 FT-cycles phantom using different pushing
focus depth when the elasticity was investigated in the longitudinal direction with a pushing voltage of
48 V.
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Figure 4.10: Mean axial displacement for left and right wave at different pushing focus depth for all
four phantoms when investigating the longitudinal elasticity. N is the number of samples and has a
maximum of 8. The gray bars represents pushing at 40 V while the red ones represents pushing at 48
V. The standard deviation is also presented.

Figure 4.11: The difference between the estimated left wave and right wave elasticity at different pushing
focuses when investigating the longitudinal elasticity. N is the number of samples and has a maximum of
4. The gray bars represents pushing at 40 V while the red ones represents pushing at 48 V. The standard
deviation is also presented.
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4.3

Elasticity assessment

The results which can be seen in Tables 4.1 and 4.2 showed that the implemented system can distinguish 2 FT phantoms from 3 FT phantoms. The mean elasticity value for the 2 FT phantoms when the
longitudinal elasticity was estimated was 36.70 ± 10.72 kPa while during circumferential elasticity investigation of the same 2 FT phantoms, the mean value was 41.68 ± 18.72 kPa. The mean value for the 3
FT phantom during longitudinal elasticity assessment was 77.20 ± 18.13 kPa and during circumferential
elasticity assessment 71.01 ± 18.61 kPa which is illustrated in figure 4.12. The longitudinal elasticity
assessment showed a tendency to provide more reliable and stable values while the circumferential is
more inconsistent. However the estimated elasticity varies considerably in each investigated elasticity
direction.
Focus depth (mm)
Voltage

Left E (kPa)
40 V
48 V

Right E (kPa)
40 V
48 V

Phantom 1 (2FT)

11
13
16

43.16
43.70
53.35

48.69
42.09
58.22

45.33
32.17
38.97

41.56
35.98
42.62

Phantom 2 (2 FT)

11
13
16

13.79
35.49
42.62

29.90
33.10
43.16

21.64
28.57
17.32

29.45
31.71
28.14

Phantom 3 (3FT)

11
13
16

88.07
62.80
119.42

78.93
62.80
93.64

101.05
80.42
71.69

111.36
96.08
66.15

Phantom 4 (3FT)

11
13
16

80.42
72.40
53.28

54.50
64.13
62.80

69.59
63.47
100.21

67.52
73.11
58.90

Table 4.1: Estimated Young’s modulus in the longitudinal direction

Focus depth (mm)
Voltage

Left E (kPa)
40 V
48 V

Right E (kPa)
40 V
48 V

Phantom 1 (2FT)

7
15
23

14.09
24.78
38.97

52.75
33.10
38.97

46.43
85.04

44.24
76.96

Phantom 2 (2 FT)

7
15
23

44.24
33.57
22.02

29.45
44.24
23.98

79.85
47.55
21.64

29.45
47.55
21.64

Phantom 3 (3FT)

7
15
23

73.11
95.26
84.97

87.29
111.36
73.11

57.00
65.48
-

74.55
65.48
-

Phantom 4 (3FT)

7
15
23

43.43
52.67

91.23
53.28

83.44
42.88

58.90
66.83

Table 4.2: Estimated Young’s modulus in the circumferential direction
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Figure 4.12: Estimated elasticity values for left and right wave at different pushing focus depth for all
four phantoms when investigating the longitudinal and circumferential elasticity. N is the number of
samples and has a maximum of 8. The blue bars represents investigation of the longitudinal elasticity
while the red ones represents investigation of the circumferential elasticity. The green bars represent the
measured elasticity by Larsson 2014, [19]. The standard deviation is also presented.
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Chapter 5

Discussion
Implementation of a cervical SWE method would provide the health care system with a more quantitative method for assessing cervix elasticity and provide the possibility to undertake preventive actions
for the women diagnosed with an incompetent cervix i.e pathological soft tissue. The main purpose of
this study was to implement and evaluate a programmable SWE-system for cervical applications. For
this purpose, set-up scripts in Matlab for B-mode imaging, pushing sequence and plane wave imaging
were implemented and cervical phantoms designed and constructed. The obtained SWE-data were postprocessed in order to enable evaluation of the optimal settings for pushing voltage and push focus depth.
The achieved results revealed that the applied pushing voltage should be as high as possible, while the
push focus depth should be shallow in order to achieve strong shear waves and stable elasticity measurements i.e a high mean axial displacement and minimal difference between the estimated right and
left elasticity. It is however important to remember that the push voltage and herein the output power
should be kept as low as reasonably achievable in order to minimize the risk of bioeffects.
Two parameters, mean axial displacement and difference in elasticity between estimated left wave and
right wave elasticity, were chosen to evaluate the implemented SWE system. The mean axial displacement was used to investigate if the push sequence induced a strong enough force to produce trackable
shear waves. The difference in left wave and right wave elasticity was used to show if the post-processing
and pushing sequence could produce stable enough measurements to conduct an accurate estimation of
the elasticity. A difference in left and right elasticity was not expected to originate from different material
properties of the phantom (left and right side of the pushing location) but rather be due to measurement
errors. In a mechanical testing study conducted by Larsson 2014, 2 FT phantoms was measured to have
the elasticity of 40.3 ± 5.3 kPa while 3 FT phantoms had the elasticity of 76.1 ± 8 kPa [19]. When comparing these measured values to the values obtained in this study where the longitudinal elasticity of 2 FT
phantoms was estimated to be 36.70 ± 10.72 kPa and 3 FT phantoms 77.20 ± 18.13 kPa, they conform
rather well. This conformity support the theory that mean axial displacement and difference in elasticity
between estimated left wave and right wave elasticity can be used in order to evaluate optimal settings
of push voltage and push focus depth. Moreover the implemented SWE-method was able to distinguish 2 FT phantoms from 3 FT phantoms which indicates that the system could probably distinguish a
1 FT phantom from a 2 FT phantom i.e pathological cervical elasticity from normal cervical elasticity [7].
The lowest push voltage applied was 16 V, which initially was thought to not induce shear waves in
any of the phantoms as a high voltage and long duration of the push is needed to generate enough shear
wave amplitude to enable tracking of the motion [20]. However when initial testing was conducted shear
waves were found in the phantoms which had undergone 2 FT-cycles due to the fact that it is easier to
induce shear waves in a more elastic material [18]. The mean axial displacement was however not very
high and only weak shear waves could be found. Weak shear waves commonly produce erratic results
due to the signal to noise ratio being to low which leads to the post-processing script being unable to
accurately estimate the wave propagation and therefore the difference between estimated elasticity of
left and right wave increased. The problem was averted by increasing the push voltage, producing a
higher mean axial displacement which resulted in stronger shear waves and thereby the difference between estimated left and right wave elasticity decreased. This reveals that when examination of a very
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elastic tissue or material is conducted, a lower push voltage can be applied in order to gain information
regarding the elasticity but the data is less accurate and stable.
Experiments also revealed that the mean axial displacement was higher during circumferential elasticity assessment than during longitudinal elasticity assessment which is illustrated in Figures 4.6 and
4.10. This difference arise from the push depths used for each elasticity direction investigation. When
the push focus was set to a deeper area in the phantoms more of the push signal was attenuated and
decreased in strength which resulted in weaker shear waves that were harder to track i.e decreased axial
displacement and increased difference between estimated left and right wave elasticity. During longitudinal elasticity assessment all the push depths were centred in the middle of the phantom while the push
depths applied when estimating circumferential elasticity were more spread out e.g when pushing at 7
mm of depth a higher mean axial displacement was achieved compared to when pushing occurred at
11 mm as less of the push signal was attenuated by the phantom and the induced shear waves became
stronger [21]. However, the results may also have been affected by the phantoms being anisotropic.
When the phantoms were constructed the warm PVA-solution was poured into the phantom mould to
set and gain room temperature. The phantom mould was standing up during this process leading to the
possibility that the lower half of the phantoms became stiffer. When measurements were conducted on
the phantoms for circumferential elasticity assessment the transducer was always mounted to the upper
half of the phantom, making this perhaps stiffer half always being the lower part of the phantom which
would mean that when the circumferential elasticity was assessed the elasticity of the phantom increased
with depth whereas during longitudinal elasticity assessment this gradient of increased elasticity in the
phantom was avoided. The cervical canal was also assumed to influence the acquired mean axial displacement during longitudinal elasticity assessment. The cervical canal was very close to all the push
depths, which may lead to more attenuation of the shear waves as well as reflections. In the shear wave
propagation maps in Figure 4.1 an area above the left shear wave reveal that reflection occur and herein
support that theory.

5.1

Limitations

A number of limitations are associated with the study conducted, the main one being that earlier cervical
SWE studies has been performed in-vivo or ex-vivo [7], [12] while this study used cervical phantoms.
Moreover the SWE systems used were commercial ones, whereas a custom programmable one has been
used in this study. Because of lack of similar studies, no reference method has been available and inspiration for e.g phantom construction has been taken from other studies where PVA-phantoms has been
used [22], [23]. The phantoms constructed in this study may vary in elasticity even though they have
undergone the same number of FT-cycles as different PVA-batches has been used. The main reason
for this was that only one phantom mould was available. By using two phantom moulds, each set of
phantoms could have been constructed from the same PVA-batch and undergone FT-cycles together and
thereby, eliminating the slight deviation which now is observed in the phantoms. The phantoms are
a bit too stiff and simplified to correctly mimic the elasticity and complexity of a pathological cervix.
According to the study performed by Gennisson et al. in 2011 [7] the elasticity of a pathological cervix
is 7.0 ± 3.0 kPa while a normal cervix has the elasticity of 19.0 ± 18.6 kPa. A 2 FT-cycle phantom
could therefore mimic a normal cervix according to the presented results in Section 4.3 but no phantoms
which could mimic a pathological cervix. However, it can be concluded that the phantoms constructed
for this study were more equivalent to the dimensions of the human cervix than the phantoms used in
the study by Maurer et al. 2015 [24].
Limitations regarding the post-processing procedure includes errors from a number of steps leading to
results being possibly mis-estimated as the post-processing consist of a number of steps in which errors
can arise leading to underestimation or overestimation of the achieved results. The post-processing script
has in some cases, more often when the applied pushing voltage was kept under 32 V, had some difficulty
to locate the shear waves in the shear wave propagation map. When extracting data from measurements
conducted on 3 FT phantoms, the post-processing script needed adjustments in order to compensate for
the wider shear wave propagation. Adjustments consisted of widening the ROI in which the maximum
intensity could be localized in the script, however, this sometimes caused the post-processing script to
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find the wrong maximum intensity leading to a underestimated shear wave velocity and elasticity. After
some initial testing it was concluded that the shear wave propagation maps were to be based on five rows
of axial data and all columns of lateral data. The axial displacement was calculated by computing the
average of these five rows for each column. No attempt has been made to determine how this, particular
number of rows, affects the estimated shear wave velocity and herein the estimated phantom elasticity
but it is believed that more stable results were acquired using five rows. The velocity was estimated from
the group velocity in this post-processing script, however, if the phase velocity had been used instead
the highest velocity of the shear waves could have been found and perhaps more stable result could have
been achieved.
Regarding the implementation of the SWE-system there are a number of factors which could have
been further investigated before implementation. The push frequency which in this study was set to 6
MHz could have been chosen as one of the parameters to change in the sampling protocol. In the study
by Gennisson et al. from 2011 a push frequency of 7 MHZ was used, [7], while Carlson et al. in 2014
used a push frequency of 4 MHz, [12]. 6 MHz was chosen as the push frequency as it would be less
attenuated than the plane wave imaging frequency which was 7.5 MHz, but still provide enough push
force to induce shear waves. If a lower push frequency had been used it is probable that less attenuation
of the push sequence would have occurred and the sustained push force could perhaps have been greater
but the result in Section 4.3 does show that the push which was created, induced shear waves of sufficient
strength to allow elasticity assessment to be conducted.
As the cervix consist of connective tissue aligned in two different directions, circumferential and longitudinal, two experimental set-ups has been developed for this study. However the set-up used when
investigating the circumferential elasticity does not however fully investigate the circumferential elasticity but rather the transverse elasticity in one position. In order to evaluate the experimental set-up for
circumferential elasticity assessment, anisotropic phantoms needs to be constructed and evaluation of
the elasticity should be conducted by measuring the transverse elasticity in several positions. Only then
could the circumferential elasticity be estimated.

5.2

Future outlook

Looking ahead, this study can be used as a foundation, which upon, further cervical SWE research can
be based on. The results achieved in this study revealed that further investigation regarding the cervical
tissue and its way to interact with shear waves needs to be conducted in order to allow development of
a commercial SWE system for cervical applications. This would be achieved by conducting studies on
the cervix in-vivo and ex-vivo but also optimization of push frequency and transducer geometry, which
in this project has not been fully investigated.
If a specified system for cervical investigation was developed, hopefully, no babies would be born too
early due to cervical incompetence. A pre-term born baby is a costly experience both for the society
but also for the families affected. In order to minimize the pre-term births in the future the limitations
which have been presented earlier in the discussion needs to be further investigated.
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Chapter 6

Conclusion
A programmable SWE-system for cervical applications has been implemented and evaluated. Optimal
settings for push voltage and push focus depth were investigated by assessing the shear wave axial displacement and difference between estimated left wave and right wave elasticity. The higher voltage
applied, the stronger shear waves were generated and more stable elasticity measurements could be
performed i.e greater axial displacement and smaller difference between estimated left wave and right
wave elasticity were obtained, however the push voltage should be kept as low as reasonably achievable
to minimize the bioeffects on the patient. As the push focus depth was increased the axial displacement decreased while the difference between the estimated left wave and right wave elasticity increased
which indicates that a shallow push focus results in stronger shear waves and more stable elasticity
measurements.
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APPENDIX A

1

Ultrasound imaging

Diagnostic ultrasound is one among many medical imaging modalities that enables visualization of tissues inside the body. Ultrasound uses high frequency
pressure waves in the MHz-range to create echoes which are transformed into
images with high temporal resolution which enables “real time” imaging [1]. The
echoes arise from changes in acoustic impedance between tissues. The acoustic
impedance is a measure of the tissue particle response in terms of velocity given
a certain wave pressure [2]. Ultrasound imaging is mostly known for its application to imaging foetuses but is one of the most widely used imaging technologies
in medicine and can e.g be used to make detailed measurements of blood flow
in vessels and tissue [2]. There are drawbacks in all medical imaging modalities. In ultrasound imaging, the drawbacks are such as low spatial resolution
and operator dependency [1]. An operators skill, training and experience are in
direct relation with the quality of the information gained during an examination
[3]. But despite this, ultrasound is often chosen as the preferred investigation
method as it provides images in a safe and fast manner [2].

1.1

Basic principles of ultrasound imaging

A transducer is used to transmit and receive high frequency pressure waves.
Piezoelectric elements inside the transducer converts electrical energy into acoustic waves which propagates into the body. Depending on the acoustic impedance
mismatch at tissue boundaries reflection of different amplitude will occur. [1].
When a wave is reflected back to the transducer, the piezoelectric elements converts the reflected wave back into an electric signal. The voltage generated by
the piezoelectric elements is called radio frequency (RF) signal and is directly
proportional to the pressure variation. The RF data is sampled and an image
can be constructed from the delays and amplitude of the echoes [1, 2].
The most basic ultrasound mode is called amplitude mode (A-mode), where
the amplitude of the echo is displayed as a function of depth. By combining
repeated A-mode lines a brightness mode (B-mode) image can be constructed
in two dimensions. Each line in a B-mode image is produced by a pulse-echo
sequence as the beam is stepped along the transducer array. The brightness is
varied according to the amplitude of the received echo where a high amplitude
echo will appear bright [2].
The image will be different depending on which transducer is used. The linear
array is a common transducer which offers a rectangular field of view, another
common transducer is the curvilinear array, in which the beam propagates radially which is in a way similar to a fish eye lens in a camera. This makes
the curvilinear array transducer perfect for ultrasound examination of foetuses.
By varying the phase of the transducer elements, the beam direction can be
controlled. This is called a phased array transducer which requires very small
piezoelectric elements with individual leads [2].
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Ultrasound imaging related hazards

During the last five decades ultrasound has been used to visualize the insides
of our bodies. Diagnostic ultrasound has an enviable safety record and despite
its usage worldwide there are no reports regarding repeatable harmful effects on
humans when exposed to diagnostic levels [4]. However, ultrasound examinations are not risk free [2, 4, 5]. Whenever an ultrasound examination is carried
out exposed parts will absorb energy which can cause undesirable biological
effects on the tissue. One of the most common effects that occur is a rise of
temperature in the tissue. Non-thermal effects such as cavitation can also occur
if gas bubbles are present in the scanned tissue [2, 4].
1.2.1

Thermal effects

As the ultrasonic wave passes trough the tissue some of the energy will be
absorbed and converted into heat. The heat that is generated during the absorption is the cause of the temperature rise in the tissue as the energy absorbed
cannot be stored in any other way than heat [2, 5]. To assess and quantify the
risk of thermal effects the concept of thermal index (TI) is used. The purpose
of TI is to translate the acoustic output power into a quantity that correlates
with the risk of a temperature rise [6] and provide information needed to ensure
patient safety [2]. TI is defined as:
TI =

Wp
Wdeg

(1)

where Wp is the attenuated acoustic power at the depth of focus and Wdeg is the
estimated power needed to raise the temperature by 1 ◦ C, Wdeg is chosen differently depending on the specific tissue being examined. Equation 1 provides a
value that represents the increase of temperature in the region of interest, hence
a TI-value of 3 would correspond to a 3 ◦ C increase in the region of interest [6].
There are many factors that influence the risk of thermal effects, some tissues have a higher absorption coefficient and will absorb more energy which
will give rise to a higher tissue temperature. If the fat or collagen content is
high more energy will be absorbed. However if the water content is high, less
energy will be absorbed [5]. Ossified bone have the highest absorption coefficient while body fluids have the lowest, soft tissue has a coefficient value that
is intermediate between body fluids and bone. Due to these differences, TI is
calculated for different tissue depending on the surface tissue and focus tissue
as the temperature rise depends on the tissue available at the surface and at
the focus. The transducer generates heat during excitation and the surface of
the transducer will transfer the heat to the tissue surface. Depending on the
tissue at focus the increase in temperature will vary, this variation depend on
the tissues ability to attenuate the ultrasonic wave. Thermal index soft tissue
(TIS) assess the risk of thermal effect on the soft tissue, if bone is present at
the focus thermal index bone tissue (TIB) is used to assess the risk [6]. The
TI-value should be kept as low as reasonably achievable especially when foetuses
are scanned. The TI-value should not exceed 0.5 in a prenatal examination as
a foetus is especially sensitive due to ossification and organ development while
postnatal examinations should not exceed 2. When prenatal examinations are
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done the TI value to study is the TIB as the focus of the beam will be on the
foetus and thereby on bone. The limits of TI can be exceeded during a short
duration if it is necessary but is not recommended. TI values higher than 6
should be limited to a scanning time less than 1 minute, for prenatal examination a TI higher than 2.5 should be kept under 1 minute [7]. The thermal risk
is dependent on the duration of exposure. The longer the exposure time the
greater the risk, this includes both low TI and high TI-values. As a result a low
TI-value over a long duration can be more harmful than a short duration of a
high TI-value [6]. Another factor that influence the thermal effect is width of
the beam used during the imaging process. If the beam is focused, the highest
rate of heating will occur at the focus, however after a while the focus area will
start to lose heat due to conduction to adjacent cooler tissue. If the beam used
is wide the heating occur more uniform making conduction to adjacent cooler
tissue harder and the temperature will continue to raise at the same rate as the
initial heating occurred [2, 6].
1.2.2

Non-thermal effects

The non-thermal effects that can occur during ultrasound examinations are
split into two groups, cavitation and other mechanical effects [8]. Cavitation is
a phenomena that arises due the varying pressure of the ultrasonic waves and
can be described as either stable or non-stable (inertial-cavitation) [2]. Inertialcavitation can occur if a gas bubble is present in a fluid that undergoes ultrasonic
examination. The gas will start to expand and contract, creating a pulsating
motion. The bubble will contract during the compression phase of the wave,
only to expand during the period of decreased pressure. If a bubble is exposed
to high acoustic pressure it will collapse and create chock waves and microjets
that can stress and damage biological structures. Stable cavitation will put the
bubble into oscillation without collapsing them [2]. Gas bubbles does not occur
naturally in the blood stream but might be injected to enhance imaging contrast
[5]. To predict and quantify the likelihood of inertial-cavitation, mechanical
index (MI) is used. MI describes the the peak acoustic pressure and frequency
into a human readable number [2, 5]. The operator can then make adjustments
to ensure that the patient is not exposed to any unnecessary risks [4]. MI is
defined as:
pr
(2)
MI = √
f
Where pr is the derated peak rarefaction (negative) pressure (MPa) and f is
the center frequency (MHz) of the pulse. The pr value is derived by measuring the acoustic pressure in water. The value is then reduced to account for
the attenuation occurring in a corresponding tissue path (using the standard
attenuation rate of 0.3 dB/cm/MHz) [4]. Cavitation is more likely to occur
at higher peak rarefaction pressure and lower frequencies. Equation 2 predicts
that cavitation will not occur if the MI-value is kept below 0.7 as the physical
conditions that support inertial-cavitation does not exist. This does not mean
that when exceeding 0.7 cavitation will occur but the risk of cavitation increase.
When doing prenatal examinations the MI-value should be kept under 0.4 if gas
bodies may be present, the MI-value should be kept as low as possible when
examining foetuses as other mechanisms of bioeffects not related to gas bodies
may occur. In postnatal examinations the MI-value can be raised to 1.9 in the
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absence of gas bodies [2, 4, 7].
Other non-cavitation effects can also occur, usually in the form of radiation force,
torque force or acoustic streaming [9]. Biological tissue respond to acoustic force
by moving in the direction of the incident sound wave, radiation forces has the
ability to deform or severely damage weak tissue. Low acoustic impedance tissue such as the lung will reflect an incident wave, amplifying the radiation force
influencing nearby tissues [9, 10]. Radiation torque and acoustic streaming are
phenomena which are derived from radiation forces. If the force of the acoustic
wave impinges on a fixed particle it might result in a rotation or spinning action
causing the particle to twist. If the particle is symmetrical it will rotate if not it
will tend to assume a preferred orientation. Acoustic streaming emerges due to
energy absorption of the sound wave by a fluid and sets the fluid into motion.
It needs to be accounted for when imaging liquid filled regions i.e the amniotic
fluid when foetuses are examined [9].
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2

Elastography

Palpation is an ancient diagnostic technique that enables physicians to examine our bodies. It is limited to organs and tissues close to the body surface
and cannot provide objective information. Elastography aims at imaging tissue
stiffness for diagnostic purposes. The method allows examination of tissue deep
within the body [11]. By assessing the tissue stiffness clinicians can find out if
there is any pathological tissue in the region of interest, i.e a tumorous tissue
will stand out as it can withstand higher compression much better than normal,
healthy tissue. The stiffness of a tissue is described by the elastic moduli, such
as Young’s modulus (E) and shear modulus (G) [2, 12, 13]. Several medical
imaging modalities such as Magnetic Resonance Imaging (MRI) and ultrasound
can be used to produce elasticity images. However the chosen imaging modality
needs to be able to track small tissue motions with high precision [14].

2.1

Ultrasound Elastography

Ultrasonic elastography is split in three classes of methods depending on the
measured physical quantities. These methods are strain imaging, displacement
and shear wave speed measurement, all three methods provide information regarding the tissue stiffness however the strain and displacement imaging only
provides qualitative measurements while shear wave speed measurements can
provide quantitative and more reliable information. Depending on the excitation force applied to the tissue in order to produce a reaction the methods
are further classified. The three ways to apply excitation forces are manual
compression, acoustic radiation force and mechanical impulse. Manual compression is considered quasi-static while the other two are classified as dynamic.
By applying dynamic forces the information gained by the examination is less
user-dependent and more reliable compared to the information gained from
quasi-static examination [13, 15].
2.1.1

Strain imaging

Strain elastography falls into the quasi-static group as the excitation method is
either manual compression or cardiovascular pulsation. The information gained
is strain distribution in a region of interest, i.e the amount of deformation that
occurs during excitation. The strain is calculated by comparing the echo before
and after compression by the probe or through the cardiac cycle [13, 15].
2.1.2

Acoustic radiation force elastography

Another way to gain strain and displacement information is to use a dynamic
method called Acoustic Radiation Force Impulse (ARFI) imaging. A focused
ARFI push pulse is used to create displacement in the axial direction of the
beam. By comparing images taken before and after the push pulse the displacement can be assessed by using speckle tracking. The displacement is related to
the magnitude of the applied force and inversely related to the tissue stiffness.
The information is only considered qualitative as the tissue attenuation varies
from patient to patient [13, 15].
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Shear wave imaging

Shear waves occur naturally in the body as a result of physiological movements
and have several similarities to ultrasonic waves used in conventional ultrasound
imaging systems however there are key differences [16]. Shear waves are transverse waves, and the tissue motion is perpendicular to the direction of the wave
propagation [2]. The attenuation and the speed of shear waves are directly related to the mechanical properties of the tissue [17], the shear waves are rapidly
attenuated by the tissue and propagates slowly [16]. This makes it possible to
gain information regarding tissue stiffness by portraying the shear wave propagation in a region of interest. The shear wave speed is higher in tissues that
are stiffer and therefore the pathological regions can be assessed [18]. To gain
quantitative information regarding tissue stiffness two different approaches for
inducing shear waves are at present available.
2.1.3.1

Transient elastography

One approach to produce shear waves is to induce vibrations to the body surface of a patient [13]. This method is currently used when assessing liver fibrosis
and is called transient elastography. It is accomplished by creating shear waves
in the tissue with a mechanical piston attached to a transducer continuously
gather RF-data. This method is dynamic and measures shear wave speed from
the image composed by the transducer [13, 15, 16].
2.1.3.2

Shear Wave Elastography

Shear waves can also be induced by applying an ultrasonic force in the form of
ARFI, also called a push sequence. The impulse creates transient shear waves
due tissue displacement and movement[15]. The shear waves propagate perpendicular from the initial direction of excitation [11] and the velocity is measured
by analysing the time of arrival at different lateral positions. The shear wave
propagation speed and attenuation is directly related to the mechanical properties of the tissue [17]. To enable the measurement of the shear wave speed an
ultrafast scanner providing a high frame rate is needed. The high frame rate
(5 000 - 10 000 frames/s) allows the shear waves to be tracked in real time as
the shear waves are very slow (1-10 m/s) compared to the ultrasonic plane wave
(∼ 1540 m/s)[15, 19]. In shear wave elastography (SWE) the induced radiation
force can be localized with high precision, mainly because the shear waves are
fully attenuated within a few wavelengths. By quickly switching to imaging
mode the ultrafast scanner can capture the shear waves. [19].
To estimate the elastic properties of a tissue, simplifications regarding the tissue properties are made. Soft tissue is a complex heterogeneous material i.e
anisotropic, non-linear and has an elasticity with varying distribution, however
it is often assumed to be homogeneous. A homogeneous tissue reacts to stress
in a linear manner, i.e the elasticity is evenly distributed and the tissue material
property response is not orientation dependent [12]. These assumptions makes
it possible to relate shear wave propagation speed cs , density of the medium ρ
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and shear modulus G.
cs =

s

G
ρ

(3)

Provided that the tissue is assumed to be incompressible (no change in density)
and isotropic (uniformly elastic) the shear modulus and Young’s modulus are
related in the following way:
E = 3G
(4)
By combining equation (3) and (4) Youngs modulus, E, can be determined by
measuring the shear wave speed as the density is assumed to be unchanged.
E = 3cs 2 ρ

(5)

There are two methods to measure the shear wave speed in a region of interest.
Both methods use ARFI to produce the shear waves but in the single region
method only one ARFI-push is used. This generates a single value of shear
wave velocity corresponding to a local region of tissue which can be chosen by
the operator and seen on the B-mode image. The velocity of the shear wave
is displayed and the operator can estimate the elastic modulus. However the
shear waves are fast attenuated and has a low amplitude which can cause problems when Young’s modulus is calculated from the shear wave velocity as the
ultrasound output power cannot be increased as this might affect the patient
and transducer in a negative manner [2, 15].
To improve the amplitude of the shear waves several ARFI-pushes are swept
down in the region of interest creating a push line see figure 1. The speed of the

Figure 1: The creation of a push line and a Mach cone [20]
ARFI source is much faster than the shear waves it creates which enables the
possibility to generate several pushing sequences more or less at the same time.
By having several pushing locations the shear waves produced propagates as a
cone with a shallow angle, almost cylindrical as can be seen in figure 1. This
cone is called a Mach cone and travels away from the push line which spread
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less and thereby the attenuation of the shear waves are reduced increasing the
amplitude of the measured shear waves [2, 15]. By repeating the push lines
at different positions a quantitative elasticity image can be produced. If only
one push line is done the elasticity estimation will not be correct in the area in
which the ARFI is applied as there will be no shear waves present [20].
2.1.3.2.1

Shear wave elastography hazards

SWE has to meet the same criteria as conventional ultrasound modes. The
mechanical index and thermal index cannot be exceeded. The radiation force
based elastography operates at a higher TI but is still kept under the upper
limit [15]. Three parameters needs to be taken into account when examining
the biological effects of SWE, MI which should be kept under 1.9, the spatial
peak pulse average intensity (ISP P A < 190W/cm2 ) and the spatial peak temporal average intensity (ISP T A < 720mW/cm2 ) [20]. ISP P A and ISP T A specify
the power and intensity of the ultrasound wave used to create the push. ISP P A
is the average value over the pulse duration at the point in the beam where it
is the highest, ISP P A is a good indicator of potential mechanical bioeffects and
cavitation. ISP T A on the other hand is a good indicator of thermal bioeffects
due to too high temporal average intensity at the point in the beam where it
is the highest [2, 20, 21]. However less energy is needed in order to create a
displacement and in herein shear waves than the energy required to raise the
temperature in the tissue [12]. The radiation force is only exerted on a tissue
during the pulse duration, which is in the order of microseconds, the radiation
force results in both compressive and tensile stress in the direction of the beam
and due to the tissue attachment a shear wave is created as the force causes
shear stress on its lateral boundaries. There is no similar MI or TI for SWE as
the forces exerted are influenced by many factors that MI and TI dont take into
account [5].
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3

The Cervix

The cervix is a tubular, layered structure consisting of connective tissue, a small
amount of smooth muscles and elastin [22]. The inner layer, the endometrium,
consists of columnar epithelium which secretes mucus. The endometrium is
arranged in folds, which allows dilation during the birthing process but also
helps promoting or preventing spermatozoa during their passage to the uterus
to fertilize an egg. The middle layer in the cervix, the myometrium, contains
some longitudinal smooth muscles that originates in the uterus. However the
majority of the muscle cells are circular, contributing to the closing of the cervix
[23, 24]. The outer layer of the cervix, the perimetrium, consists of peritoneum
which is connective tissue [23]. The connective tissue is composed of collagen
I and III and is similar to other load-bearing connective tissue such as tendons
as the cervical collagens are stiff with a steep stress-strain relationship [22].

Figure 2: A schematic picture of the female reproduction organs [25]
The cervix is contiguous with the lower part of the uterus while the distal part
of the cervix is connected with the vagina as can be seen in figure 2. Running
through the cervix is the cervical canal having external and internal openings
[23]. The internal os is the opening between the uterus and the cervix and
external os is the opening between the cervix and the vagina, the amount of
smooth muscles decreases from the internal os to the external os [22]. So the
lower part of the cervix more or less only consists of connective tissue [26].
The cervix is roughly 3 cm long and has a diameter of 2.5 cm. However, these
dimensions varies considerably between women and depend on the woman’s age,
number of previous births and the menstrual cycle [22].

3.1

The cervix during pregnancy

The main purpose of the cervix during pregnancy is to maintain the foetus inside the uterus but as soon as labour starts the cervix has to open to allow birth.
During pregnancy the cervix undergoes significant changes both biomechanical
and biochemical to enable a vaginal birth. The biomechanical properties of the
cervix are very important for a successful outcome [27] without any unnecessary harm to the mother or baby. The changes that occur to enable birth are
called cervical remodelling. Cervical remodelling occurs gradually and usually
9
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very slow, it starts soon after conception and continues until delivery [26] and
consists of four overlapping phases [28]. The phases are termed softening, ripening, dilation and postpartum repair. Softening occurs during the first trimester
and involves reorganization of the collagen fibres in the cervical tissue. The
reorganization and breakage in cross-linking will determine the flexibility and
mechanical strength of the cervix and prepares the tissue for the birth [29, 30].
Cervical ripening starts weeks or days before delivery [30] and the collagen bundles get more and more dispersed allowing the tissue to become more elastic and
flexible. If the cervical ripening occurs too early the risk of having a pre-term
birth will increase [26]. When contractions start the cervix proceeds into the
third phase, dilation, where the collagen bundles get more dispersed but at a
higher acceleration than in the ripening phase [29, 30]. The protective plug that
filled the cervical canal to protect the uterus and foetus from bacteria releases
and effacement of the cervix starts [26]. The last phase, postpartum repair,
occurs after delivery and enables the cervix to remodel itself back to the nonpregnant state [30].
The internal os is assumed to be the most important structure that undergoes
anatomical changes during cervical remodelling. Internal os starts to dilate due
to tissue stresses being higher as the foetus becomes heavier and heavier and the
difference in stress between the internal os and external os cause the internal os
to collapse [31].
3.1.1

Preterm birth

Pre-term births affects over 13 million babies annually and despite considerable
efforts to lower the number of babies effected there has been no significant
change [32]. A pre-term birth is defined as delivery after the 20th week of
gestation and before the 37th week. There are different causes to why a woman
deliver pre-term. Sometimes it might be maternal factors such as pre-eclampsia
that forces physicians to induce a pre-term birth but cervical dysfunction or
cervical incompetence can also be the cause of a pre-term birth [31] Cervical
incompetence or cervical insufficiency is defined as the presence of both a prior
pre-term birth and or a second trimester loss together with dilation and cervical
shortening before the 24th week in the current pregnancy. An incompetent
cervix usually has a decreased collagen content, the crosslinks that binds the
collagen together decreases and so does the elastin [26]. Cervical shortening
does increase the risk of a pre-term birth, if the cervical length is found to be
shorter than 25 mm between 16 and 24 weeks gestation the risk of a pre-term
birth is 13 times higher [22].

3.2

Assessment of pregnant cervix

At the moment the cervical length is the best predictor of a pre-term birth.
However by the time a shortening is discovered the structure of the cervix has
already changed [32]. To assess the length of the cervix a transvaginal ultrasound (TVU) examination is performed. There are other methods to produce
ultrasound images of the cervix, such as transabdominal and translabial but
TVU is the best way to produce objective and reproducible images. TVU provides physcicians not only with information regarding the cervical length but
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also the state of cervical changes, such as dilation or funnelling [33]. The cervical length is defined as the distance between internal os and external os, if
the cervical canal is closed at internal os only the length of the cervical canal is
measured. However if a normal and closed, internal os cannot be visualized a
closer look needs to be performed in order to assess if funnelling or dilation has
started. During this examination measurements of the width of internal os and
information regarding the shape of the cervix is gathered. In the normal case,
the internal os looks like a T, but as funnelling occurs it slowly gains the shape
of an Y and then a V, the shape associated with the highest risk of pre-term
birth is the shape of an U [33]. As mentioned earlier a short cervix occurs after
cervical remodelling already has started, this means that a short cervix is not
the only way to predict the risk of a pre-term birth. A soft cervix is associated
with pre-term birth, especially if internal os starts to soften and loose it stiffness too early [34]. By assessing the stiffness of the cervix more information
regarding the risk of a pre-term birth can be gained. There are women that has
short cervix but with a high stiffness, and the other way around. The stiffness
of the cervix seems to be the determining factor and by examining the cervical
stiffness key information can be gained [35].
3.2.1

Shear wave elastography on the cervix

By applying the technique of SWE on the cervix information regarding the elasticity and stiffness can be gained. A few studies has already been performed
both in vivo and ex vivo. The result of these studies does confirm that the stiffness of the cervix does influence the risk of PTB and SWE would contribute to
new and important information regarding the knowledge of the pregnant cervix
[35, 36].
In a study performed in 2011, 20 pregnant women were examined with SWE.
This study revealed that Young’s modulus was higher for the normal cervix
(19.0 ± 18.6 kPa) than the pathological cervix (7.0 ± 3.0 kPa) and that the
elasticity values were quite homogeneous across the whole cervix [35]. Another
study, performed in 2013 investigated if SWE would be sensitive enough to
differentiate between ripened and unripened cervical tissue. The examinations
were performed on hysterectomy specimens that had been collected from premenopausal subjects and divided into three groups. The three groups were unripened, uterine-bleeding and misoprostol-ripened, misoprostol is used to ripen
the cervix when labour is induced. Some of the women were expecting menstruation to start within the next few days after surgery (uterine-bleeding group)
while others were not expecting uterine bleeding (unripened group). The last
group of women had misoprostol inserted to the vagina 10-12 h prior to the
surgery. The specimens were immersed in saline after excision and measurements were performed. The measurements showed that the misoprostol and
uterine-bleeding groups had similar shear wave velocities both posterior and anterior while the unripened group stood out as the shear wave speed was higher
[36].
As SWE is a dynamic method the results acquired from the examinations are
user independent and thereby overcomes the problems associated with quasistatic elastography [36]. A study from 2015 concluded that the SWE-technique
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produced stiffness measurements that was reliable and reproducible. The measured stiffness could be obtained by the same but also different observers which
is required if a technique should be considered to be quantitative [37]. However
the common assumptions that can be done successfully for bigger homogeneous
organs like the liver or breast cannot be applied to the cervix as the cervix is
anisotropic, heterogeneous and relatively small. The size of the cervix can be
problematic if the wavelength of the induced shear waves are too long [36].
The studies mentioned earlier suggested that the variation in stiffness and elasticity at different positions in the cervix is greater in the non-pregnant, unripened cervical tissue than in the ripened, pregnant tissue. The ripened cervical
tissue is therefore thought to become more homogeneous during the pregnancy
which would make SWE easier to apply [35, 36].
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