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RESUMO
Saeideh

Arsalani.

Avaliação

de

nanopartículas

magnéticas

no

contraste

ultrassonográfica magnetomotriz. 2018. 83 f. Dissertação (Mestrado – Programa de PósGraduação em Física Aplicada à Medicina e Biologia) - Departamento de Física da Faculdade
de Filosofia, Ciências e Letras de Ribeirão Preto, Universidade de São Paulo, Ribeirão Preto;
2018.

Atualmente, as nanopartículas magnéticas têm sido comprovadas como material promissor
para uso em biologia e medicina, incluindo purificação de proteínas, detecção de bactérias,
liberação de drogas, hipertermia e técnicas de imagem, como ressonância magnética (MRI),
tomografia por emissão de posição (PET), emissão de fóton único tomografia computadorizada
(SPECT) e imagem óptica.
Recentemente,

vários

pesquisadores

têm

desenvolvido

imagens

de

ultrassom

magnetomotriz (MMUS) como técnica de imagem para melhorar a sensibilidade do ultrassom
usando nanopartículas magnéticas como contraste. Nesta técnica (MMUS), uma excitação
magnética externa é aplicada a fim de induzir um movimento dentro do tecido marcado com
nanopartículas magnéticas e as ondas ultrassônicas (ondas RF) retroespalhadas são usadas para
localizar e visualizar os movimentos induzidos magneticamente dentro do tecido. Essas
vibrações, na ordem de micrometros, são originadas da interação da magnetização das
nanopartículas com um campo magnético oscilante externo. Recentemente, uma subdivisão da
MMUS, denominada de ultrassom magnetomotriz por dispersão de ondas de cisalhamento
(SDMMUS), tem sido desenvolvida como uma nova técnica de elastografia remota para
analisar as propriedades mecânicas do meio. A interação das nanopartículas magnéticas com
um campo magnético gera uma onda de cisalhamento e a propagação dessa onda fornece
informações sobre as propriedades de viscoelasticidade do meio, incluindo a elasticidade de
cisalhamento (µ1) e a viscosidade de cisalhamento (µ2). Neste método, o algoritmo de
Levenberg-Marquardt, como ajuste não-linear, foi aplicado para calcular a velocidade da onda
de cisalhamento versus a freqüência de excitação, para estimar os parâmetros de
viscoelasticidade.
Nesta tese, vários tecidos sintéticos (simuladores) a base gelatina que mimetizam o tecido
biológico mole, marcados com nanopartículas superparamagnéticas (Fe3O4) com diferentes
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magnetizações de saturação foram avaliados como contraste ultrassônico. Em cada um dos
simuladores foi usada uma inclusão marcada com nanopartículas magnéticas para gerar
imagens de ultrassom SDMMUS. O efeito da magnetização de saturação (que está diretamente
relacionada à suscetibilidade magnética das nanopartículas) em experimentos SDMMUS foi
investigado e as propriedades mecânicas dos simuladores, incluindo a elasticidade de
cisalhamento e a viscosidade de cisalhamento, foram calculadas a partir das ondas de
cisalhamento geradas. Finalmente, de acordo com os resultados, a melhor nanopartícula
magnética, entre as que foram usadas nesta tese, foi a de Fe3O4 coberta com látex. Como era
de se esperar, essa nanopartícula otimizada foi a que apresentou a maior saturação magnética
e os resultados confirmaram a proporção linear de magnetização de saturação com o
deslocamento das estruturas internas dos simuladores, induzido pela magnetização das próprias
nanopartículas.

Palavras Chaves: 1. Ultrassom. 2. Nanopartículas magnéticas. 3. Elastografia. 4.Ondas
transversais. 5. Ultrassom magnetomotriz. 6. Propriedades viscoelásticas. 7. Simulador de
gelatina
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ABSTRACT
Saeideh Arsalani. Evaluation of magnetic nanoparticle as magneto-motive
ultrasound imaging contrast. 2018. 83 f. Dissertation (M.Sc. - Postgraduate Program in
Applied Physics to Medicine and Biology) - Faculty of Philosophy, Sciences and Literature,
University of São Paulo, Ribeirão Preto - SP, 2018.

Currently, magnetic nanoparticles have been proven as great promising material for biology
and medicine applications including protein purification, bacterial detection, drug delivery,
hyperthermia and imaging techniques such as magnetic resonance imaging (MRI), position
emission tomography (PET), single photon emission computed tomography (SPECT) and
optical imaging.
Recently several researchers have been developing magneto motive ultrasound imaging
(MMUS) as an imaging technique to improve the sensitivity of ultrasound by magnetic
nanoparticles. In this technique (MMUS), an external magnetic excitation is applied in order
to induce a motion within the tissue labeled with magnetic nanoparticles and the backscattered
ultrasound radio frequency (RF) waves are used to localize and image the magnetically induced
motions within the tissue. These vibrations, in order of micro, are originated from the
interaction of the particles with an external oscillating magnetic field. Lately, a subdivision of
MMUS so-called shear-wave dispersion magneto-motive ultrasound (SDMMUS), as a remote
elastography novel technique, has been proposed to analyze the mechanical properties of the
medium. Interaction of the magnetic nanoparticles with an external magnetic field can generate
a shear wave and propagation of this wave provides information about viscoelasticity
properties of the medium including shear elasticity (µ1) and shear viscosity (µ2). In this method,
the Levenberg–Marquardt algorithm, as a nonlinear fitting, was applied to calculate the
velocity of shear wave versus excitation frequency in order to estimate viscoelasticity
parameters.
In this thesis, various tissue mimicking phantoms of gelatin labeled with different
superparamagnetic nanoparticles (Fe3O4) with different saturation magnetization was
evaluated as ultrasound contrast. For each phantom one inclusion was used to generate shear
wave dispersion magneto motive ultrasound imaging (SDMMUS). The effect of saturation
magnetization (which is directly related to magnetic susceptibility) on SDMMUS experiments
ix

were investigated and mechanical properties of the phantoms including shear elasticity and
shear viscosity were calculated using generated shear wave. Finally, according to the results
the optimized magnetic nanoparticle among those which were used in this thesis was Fe3O4
covered with latex. As it was expected, this optimized nanoparticle was the one with the highest
magnetic saturation and the results confirmed the linear proportion of saturation magnetization
with induced displacement of magnetic nanoparticles.

Keywords: 1. Ultrasound. 2. Magnetic nanoparticles. 3. Elastography. 4. Shear wave.
5. Magneto motive ultrasound. 6. Viscoelasticity properties. 7. Tissue mimicking phantom.
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1. Intruduction
1.1. Ultrasound Imaging
Imaging modalities including magnetic resonance imaging (MRI), X-ray computed
tomography (CT) and ultrasound (US) are valuable techniques to detect pathologies such as
cancers, tumors and etc. in early stages. Among all, Ultrasound is more widely used because
of having a better temporal resolution and lower costs [1, 2]. However, ultrasound is limited in
spatial resolution and contrast, some contrast agents have been introduced to address this issue.
The more details about these contrast agents and how they address these limitations will be
discussed in following sections.
1.1.1. Basics of Ultrasound Imaging

Ultrasonic waves are mechanical vibrations with a frequency greater than 20 kHz,
frequencies above those audible by humans. Ranges of frequency used in medical diagnostic
ultrasound imaging are 2-15 MHz. The clinical ultrasound equipment consists of a computer,
a monitor and a transducer (probe) contains multiple piezoelectric crystals. An electric current
is applied to these crystals and they vibrate. These vibrations produce sound waves that travel
outward. Inversely, when sound waves hit the crystals, they emit electrical currents.
Consequently, the same crystals can be used to transmit and receive sound waves. Medical
ultrasound machines use a speed of sound of 1,540 m/s [3].
In this thesis, ultrasonic pulse echo used with a brightness-mode (B-mode). To produce an
ultrasound image, small pulses of ultrasound (US) waves through medium are transmitted by
an ultrasound transducer. These ultrasonic energies propagate from one medium into another,
parts of the energy are reflected back to the transducer (echo signal) while the rest continues to
the second medium. Then, the back scattered echoes are detected by the same probe applied
for sending the ultrasound waves. The amount of the reflected pulse after hitting a tissue
interface is determined by a tissue property called acoustic impedance. Therefore, the
amplitude of the reflected pulse is determined by the difference in acoustic impedance between
two media [4]. If two tissues have identical acoustic impedance no echo is produced. While,
considering a medium with a large difference in acoustic impedance like soft tissue/air almost
all reflection of the ultrasound pulse occurs. Hence, in an ultrasound image the difference in
the speed of sound at tissue boundaries is a fundamental property that generates echoes and
contrast [5].
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When an acoustic wave propagates through a soft tissue, the energy associated with the
beam is reduced or attenuated as a function of distance. There are some mechanisms that cause
this loss of energy including absorption which is the most important mechanism and scattering
and reflection [5].
This reduction in amplitude of wave versus distance is exponential in nature (Eq.1.1). The
rate at which the intensity of the wave is attenuated, is specified as the attenuation coefficient
and can be expressed in dB per cm or a unit of nepers per centimeter which is described below
[6].
p (x )  p 0e  x

(1.1)

where po is the wave pressure at some reference point (e.g., at the transmitting surface of
transducer) and p  x  is the wave pressure at distance

x from that. The attenuation coefficient

has a unit of nepers per centimeter and is sometimes expressed in units of decibels per
centimeter or
(

dB
np
np
)  20(log e ) ( )  8.686 ( )
10
cm
cm
cm

(1.2)

Some studies have shown that scattering contributes little to attenuation in most soft tissues
[7]. Therefore, it is safe to say that absorption is the dominant mechanism for ultrasonic
attenuation in biological tissues [7].
Also, the relation between the attenuation coefficient and frequency can be described by the
following equation:
 (f )  af b

(1.3)

As can be seen, the attenuation coefficient is dependent on the frequency of the mechanical
wave (𝑓), where a and b are empirical constants whose values differ from one type of tissue to
another [8].
It should be mention that, to have a better resolution (the ability to show closely spaced
targets separately in the image), a high frequency (short wavelengths) ultrasound beam can
consider. However, the depth of beam penetration is significantly reduced at higher frequency.

1.2. Physics of Ultrasound Elastography
Elastography estimates the elasticity of the tissue which describes tendency of tissue to
resume its original size and shape after removal of the force. The change in size or shape is
known as the strain [8]., which is expressed as a ratio in equation 1.4 [9]:
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F
A

(1.4)

Considering Hooke’s law [10] assuming that a material is totally elastic and its deformation
has no time dependency (i.e., viscosity) the elasticity can be expressed [9]:

  .

(1.5)

where stress (σ) is the force per unit area with units’ kilopascals (i.e. N/m2), strain (ε) is the
expansion per unit length which is dimensionless, and the elastic modulus (E) correlates stress
to strain with units’ kilopascals.
The modulus of the elasticity is classified in three types, regarding to the nature of force
applied on the medium as follows: 1. Young’s Modulus (longitudinal elasticity)
E=stress/strain, 2. Shear modulus (rigidity, G or µ) and, 3. Bulk or volume modulus (K)
describes the change in volume of a material to external stress [11]. For an isotropic
homogenous material, the relationship between these moduli are defined in the equation 1.6
and 1.7 [7], [8]:
G  E  2 1    

(1.6)

G  E  2 1    

(1.7)

where σ is near 0.5 for incompressible medium. Then, E=3G, and the ratio of E/K is
approximately 0 for a soft tissue (eq. 1.7). The higher the elastic modulus E, the more a material
tends to resist deformation, which can be thought of as increased stiffness.
Bulk modulus is typically several orders of magnitude larger than shear modulus in tissues,
therefore, the velocity of longitudinal wave is almost totally determined by the bulk modulus
of the tissues [13]. According to how particles in the solid move during wave propagation,
solids can support mechanical waves in two main principals’ modes. When, the particles of the
medium oscillate backwards and forwards along the direction of propagation of the wave, a
longitudinal pressure wave (a) is created [8], as can be observed in Figure 1.1 depicts a shear
wave (b) , in which the oscillatory motion of the particles in the medium is perpendicular to
the wave propagation [8]. Conventional ultrasound produces both longitudinal and transverse
3

waves. However, the generated shear waves by conventional ultrasound are highly attenuated
in soft tissues at diagnostic imaging frequencies, since shear wave attenuation coefficients
increase with frequency [14].

(a)

(b)

Figure 1.1: Longitudinal wave (a) and shear wave (b) is adopted from [8] .

For longitudinal waves (compressional waves), the speed Cl depends on the density of the
medium (ρ) and compressibility (κ), Eq. 1.8. While for shear waves, based on the Eq.1.9, the
speed of propagation depends on shear modulus μ and density ρ [8].

  

C 
l

C  

s

(1.8)

(1.9)

Longitudinal waves are also called primary waves/P waves and the shear waves are known
as secondary waves/S waves [6, 15]. Typically in biomaterials and materials including soft
tissue mimicking characteristics such as phantoms, the velocity of the longitudinal wave is
much higher than the velocity of the transverse waves In some soft tissues the velocity for the
longitudinal wave is in the order of 1500 m/s to 1580 m/s while this range is 1 m/s to 20 m/s
for the transverse velocity [5]. However, Eq.1.9 is accurate only when viscosity, another
mechanical properties of tissue, is ignored [16, 17].
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1.3. Viscoelasticity
Estimation of viscoelastic properties of targets plays an essential role in material science
and medical diagnosis. Specifically, a target's elastic modulus (i.e. stiffness) and shear modulus
(i.e. viscosity) can be achieved from the resultant displacement from an applied force. Since
the viscoelasticity of soft tissues is often associated with pathological state, they can be used
as a diagnostic tool in medical operations [18] .
Viscoelastic materials show three unique mechanical behaviors including (a) when a
material is suddenly strained and then the deformation is maintained constant thereafter, the
corresponding stresses induced on the material decrease with time, this phenomena is called
stress relaxation, (b) when the material is suddenly stressed and then the stress is held constant
afterward, the material continues to deform, and this phenomenon is known as creep, and (c)
the third phenomenon is called hysteresis and occur when the material is subjected to a cyclic
loading, the stress-strain relationship in the loading and unloading process will be different and
mechanical energy losses happen in the form of heat, Figure 1-2 (right). The area confined
between ascending and descending curves is the energy observed by the matter and most of it
is converted into heat. The characteristics of hysteresis, creep and relaxation, are discovered in
many materials. Concertedly, they are called features of viscoelasticity [8, 19].
Since biological tissues contain a mixture of solid and fluid material, they should be
described in terms of both elasticity and viscosity [16]. A model of linear viscoelasticity can
be made by considering combinations of the linear elastic spring and the linear viscous
dash-pot [19].
Viscoelastic materials show time-dependent material behavior; i.e. after applying force on
a viscoelastic material, the response of this material depend on the stress magnitude and how
fast the stress is applied to or removed from the material. Hence, for a viscoelastic material,
the stress–strain relationship is not unique but is a function of the time. While an elastic material
has a unique stress–strain relationship and it is not dependent on time. Also, for an elastic
material, as can be seen in Figure 1.2 (right) loading and unloading paths coincide. Hence,
throughout loading and unloading no loss of energy is illustrated [6, 17].
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Elastic

Hysteresis

Figure 1.2: Strain – stress relationship for an ideal elastic matter (left). Illustrating hysteresis,
strain –stress relationship for a viscoelastic matter (right) adopted from [19].

There are three mechanical models that are often used to describe the viscoelastic behavior
of materials including Kelvin-Voigt Model, Maxwell Model and standard Solid Model [19].
To the best of our knowledge and based on literature review [20–23], the Kelvin Voigt showed
more satisfactory results for viscoelastic materials than the others and it will be use in this
thesis for evaluating the viscoelastic parameters. Therefore, we will only discuss the Voigt
Model. This model consisted of a spring and a dashpot connected in parallel arrangement,
Figure 1.3. The strain-strain relationship for the Kelvin-Voigt models can be defined as [22]:
 





   

1
2 t 

(1.10)

Where stress σ is associated to the strain ε, μ1 is elasticity, μ2 is viscosity and timederivative operator ∂ / ∂t.

Kelvin-Voigt model
Figure 1.3: A schematic of Kelvin-Voigt model

Using the one-dimensional equation of Helmholtz [22]. The map of elasticity is achieved in
dynamic elastography [22]:





 2 FT u  x 
t z
 k 2 FT u  x   0
t z
2
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(1.11)

Where FTt is time Fourier transform, uz is the transverse displacement, and the longitudinal
coordinate is defined by x. K is the wave number and is real and constant, but it can be complex
in the case of soft tissues when the propagation medium is an energy absorber. Then, K is
described as complex wave vector [24]:



 2 FT u  x 
t z
k 
x 2





FT u  x 
t z



(1.12)

K is the wave number. In the case of linear viscoelastic medium the wave number k is
complex, written as [25]:
k *  kr – iki

(1.13)

where kr=w/s, ki=α, Shear modulus can alternatively be defined as:
 2



(1.14)

k2

Because k is a complex quantity, the shear modulus also becomes a complex quantity and
complex shear modulus, µ*(ω)=µ1+iµ2, are related [26–28]. Where µ1, shear elastic or storage
modulus and µ2 shear viscous or loss modulus [11, 29]:
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The equation of motion, by obtaining the 1D Helmholtz equation for Voigt’s model is
represented as:
 2U
 2

U 0
  i 
x 2
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(1.17)

Where U is the Fourier transform of the displacement and ρ is the density. Then, the velocity
of the transverse wave and attenuation for the Kelvin-Voigt model is described [24]:
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(1.19)

μ1 and μ2 describe shear elasticity and shear viscosity respectively, ρ shows the
density of the medium and ω is angular frequency of vibration.
Therefore, regarding to Eq. 1.17 it is noticeable that in tissue viscoelasticity, the speed of
shear wave depend on the frequency because of dispersive nature of biological tissue [30 , 31].
Hence, a broad range of frequencies is needed for evaluating the shear elasticity and viscosity.
While as discussed earlier in equation 9, the velocity of shear wave is proportional to the square
root of the elastic constant and is independent of the vibration frequency.

1.4. Elastographic techniques
Elastography is a procedure to measure the response of a tissue to an excitation force which
was developed by Ophir et al. [32]. The way in which the tissue deforms provide information
about the mechanical properties of tissue. It is based on the Palpation, the oldest clinical method
which has been used to evaluate changes in the tissue stiffness. However, this procedure is
being limited for lesions which are located in deep regions and having too small size [33]. After
Ophir’s work, several elastography techniques have been established and classified based on
the mechanical excitation type (static, dynamic, transient vibration or acoustic radiation force)
and how these excitations are produced (externally or internally) [14, 34, 35]. In all methods,
the resulting tissue motions can be performed using optical [36], and ultrasonic [35] or
magnetic resonance imaging (MRI) [35]. The latter, US elastography methods are the most
common methods [33].
A brief discussion about elasticity techniques are discussed below:

1.4.1. Static elastography
In static ultrasonic elastography, an external compression is induced to tissue. In this
technique by comparing the number of images taken before and after mechanical load to the
8

tissue, the strain is determined. Using this tissue strain an elastographic image can then be
generated which is also referred as an elastogram. On an elastogram, low strain (hard tissue)
values are displayed as dark on the image and large strain (soft tissue) values are bright. It is a
qualitative technique and obtain information about the contrast between normal and abnormal
tissues and also suitable to superficial organs [32]. This modality is very operator dependent
i.e., based on the experience and researchers’ techniques the quality of result will be achieved.
It means proper compression strength and right angle of compression is needed to avoid
misinterpretation [38 , 36].
1.4.2. Dynamic elastography
Dynamic methods have potential to explore the dynamic properties of the medium such as
viscosity. Techniques of dynamic excitation induce harmonic vibrations, often in the range of
50 to 500 Hz, and create an image of the shear wave’s propagation due to the excitation
throughout the whole system [35]. These techniques include magnetic resonance elastography
(MRE) [34] , vibration sonoelastography [39], Supersonic shear imaging (SSI)[40], ARFI [41],
Sonelasticity [39], SWEI [42] and SDUV [30].
1.4.2.1. Acoustic radiation force elastography (ARFI)
A method that uses focused ultrasound to produce an acoustic radiation force to push the
tissue, and measures the resulting deformation to evaluate the mechanical properties of the
tissues. An advantage of this method is that the tissue displacement is created at the location of
interest. In this way the generated vibrations will be independent of the shear wave attenuation
between transducer and region of interest [14]. However, the radiation force methods have the
potential for tissue heating, relating to the used high ultrasound intensity [12,41]. Several
techniques based on radiation force have developed including, shear wave elasticity imaging
(SWEI), vibroacoustography, (SSI), sonoelasticity and SDVU.
Elastography and ARFI do not acquire a quantitative measure of tissue stiffness; typically
obtain a relative map of tissue stiffness [17].
a. Sonoelastography
In sonoelastography a mechanical source applied to induce a low-frequency vibration. In
this technique, a Doppler ultrasound is used to evaluate the motion amplitude and phase within
the region of interest. This method has limitations such as the non-uniform vibration produced
by the source and is attenuated by tissues [42, 43].
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b. Supersonic shear imaging
Supersonic shear imaging (SSI) relies on the acoustic radiation force to remotely generate
low-frequency shear waves in tissue that is imaged at a high frame rate (5000 frames per
second) and can be acquired using the same piezoelectric arrays as the ones used in
conventional ultrasonic scanners. This radiation force acts as a dipolar source of shear waves
and mainly radiates in transverse directions [46].
Sonoelastography and SSI can provide maps of shear modulus and viscosity, but specialized
hardware is necessary to implement both methods [47].
c. Vibroacoustography Imaging
Fatemi and Greenleaf [33] developed vibroacoustography technique which is a highly
sensitive low-frequency ARFI method. In this technique, acoustic emission is produced by
focusing two different ultrasound beams of slightly different center frequencies at the same
point and vibrating the tissue which can be detected with an external microphone [8].
d. Shear wave elasticity imaging (SWEI)
Sarvazyan et al [42] have established this technique, that structures of tissue characterized
and imaged through a shear acoustic waves induced remotely by the radiation force of a focused
ultrasonic beam. It should be mentioned that the difference between SWEI with ARFI is that,
SWEI is based on the use of shear wave propagation laterally from the beam axes and
measuring shear wave propagation parameters to create elasticity map, while in ARFI elasticity
information obtains from the axis of pushing beam and applies multi pushes to generate a 2-D
stiffness map.
e. Shear wave dispersion ultrasound vibrometry
Chen et al, have established shear wave dispersion ultrasound Vibrometry (SDUV) which
uses ultrasound radiation force to produce a harmonic shear wave and measure its propagation
[29, 30]. This is performed at multiple frequencies to analyze the dispersion of the shear wave
velocity, and then those values are fit by a model to obtain the shear elasticity and shear
viscosity of the tissue. A limitation of this method was that the modulation frequency had to be
changed multiple times to evaluate the dispersion over a significant bandwidth. This method
was advanced to make faster measurements by transmitting repeated tone bursts of ultrasound
[30].
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1.4.2.2. Magnetic resonance elasticity
A conventional MRI system is used with an additional Motion Encoding Gradient (MEG),
and a vibration device is used to mechanically excite the tissue. A vibration actuator creates
shear or compression waves in the object at the same frequency as the MEG. Synchronisation
is achieved by triggering the actuation device from the image sequence [47, 48] . Any cyclic
motion in the presence of the MEG generates a phase shift in the signal from which it is possible
to calculate the displacement at each voxel and directly image the acoustic waves within the
tissue of interest. The phase MEG measures the mechanical vibration and the magnetic
resonance image data is post-processed so that the phase and the amplitude of vibration can be
acquired. Finally, an inversion algorithm based on measured displacements is applied to
calculate the shear modulus distribution of the tissue [50].
Sensitivity is the main advantage of this technique, it can detect motion in the order of
hundreds of nanometers. However, the long acquisition time (20 minutes) limits the application
to static organs. Moreover, there is a further weakness of this technique because when waves
are reflected from internal tissue boundaries, they can interfere constructively and destructively
and influence the shear modulus calculation [51].
1.4.2.3. Transient Elastography (TE)
Transient Elastography [52] is a quantitative method [52–55] that used a low frequency
mechanical vibration system with pulsed excitation and ultrasound to track the shear wave
displacement by the medium under analysis, determining the wave velocity and the elasticity
of the medium.

1.5. Phantoms
Since 1960, tissue phantoms have been developed to characterize and calibrate the imaging
systems of ultrasound. Phantoms are also used to help in the development of new ultrasound
transducers, systems or diagnostic techniques [57].
Soft tissue phantoms are used to analysis the viscoelastic behavior of biological tissues
[57,58]. In the research of ultrasonic elastography, phantoms are widely used that mimic either
the normal tissue or lesions. Hydrogels, are very common to design phantoms because of being
very similar to tissues in many respects such as in acoustic and elastic properties with soft
tissue [59].
There are two kinds of hydrogels: physical gels, which are obtained through physical
procedures such as heating and cooling (e.g. gelatin, agar), and chemical gels, which are
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attained through chemical reactions including polymerization (e.g.Polyacryla-mide) [60].
Since probably the preparation processes of physical gels are much simpler and safer than
chemical ones the physical gels are usually more preferred for tissue-mimicking phantoms.
However, chemical gels are much more stable than physical gels and are easier to preserve
once prepared. Therefore, they are also an alternative solution for tissue-mimicking phantoms
in ultrasonic elastography [61].
Therefore, many works have been done on the construction of phantom, because of having
characteristics such as velocity of sound propagation and attenuation close to those obtained in
human soft tissues [59]. Moreover, since tissue-mimicking phantoms are easily accessible and
convenient to handle, they are appropriate for all modalities [62].

1.6. Magnetic nanoparticles
Magnetic materials are categorized into five different types in terms of their magnetic
properties namely diamagnetism, paramagnetism, ferromagnetism, anti-ferromagnetism and
ferrimagnetism [42, 43] which are classified by their susceptibility to magnetic fields.
Diamagnetic materials show a weak repulsion in an external magnetic field (negative
susceptibility), for example water, NaCl, H2 and N2 [65].
Paramagnetic materials exhibit a small and positive susceptibility in an external magnetic
field and attracted weekly by the field, examples of paramagnetic materials are manganese,
aluminum and alkaline earth metals [65].
Ferromagnetic materials, that are the most important in magnetic analysis, their
susceptibility is much larger than other magnetic materials, therefore show a strong attraction
to an external magnetic fields. Iron (Fe) is one of the most important ferromagnetic substances,
however, there are other ferromagnetic elements including Ni, Co and their alloy with Fe [65].
Ferrimagnetic materials usually have a similar magnetic behavior to ferromagnetic materials
except for a smaller magnetization value. While, Anti-ferromagnetism shows a small and
positive susceptibility in the external magnetic field [65].
In ferri-ferromagnetic material when a sufficiently large magnetic field is applied, the spins
within the materials align with the field. By removing the external magnetic field, their overall
magnetization value is randomized to zero [65, 66] nanoparticles for biomedical application.
In Figure 1.4 the magnetic behavior of materials in exposure of an external magnetic field can
be observed.
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Figure 1.4: The behavior of magnetic material in exposure of an external magnetic field.

One of the most important properties of ferromagnetic and ferrimagnetic materials is that the
internal magnetic moments can be induced by a small external magnetic field. Such remarkable
property is due to the existence of small magnetic regions called magnetic domain.
Ferromagnetic and ferrimagnetic materials exhibit multidomain, single domain, and
superparamagnetic properties, as the size of the specimen is reduced to below a critical size
[65].
Nanoparticles (NPs) are usually define as particles with sizes between 1-100 nm in which the
material shows novel properties which are very different from their bulk counterpart. Magnetic
properties of the nanoparticles can also be more complicated than those of their bulk. In fact,
all relevant magnetic properties (coercivity, blocking temperature, saturation and remanent
magnetizations) are functions of particles’ size and shape and of surface chemistry [67 , 68].
For example as size reduces to a definite size, nanoparticles exhibit the so-called
superparamagnetic regime, which is of great interest in biomedical application [70].
Although there is a strong and relatively well-established dependence of magnetic properties
on the size of the nanoparticles, magnetic behavior is complicated and cannot be defined with
respect to one parameter. There are other factors that play an important role on the
magnetization of particles such as morphology, composition, degree of crystallinity, core-shell
design and surface coating of magnetic nanoparticles [71].
Superparamagnetic nanoparticles have demonstrated great promise in biology and medicine
applications including protein purification, bacterial detection, drug delivery, hyperthermia
[72]. In addition, there are various imaging techniques such as position emission tomography
(PET), single photon emission computed tomography (SPECT) optical imaging , magnetic
resonance imaging (MRI) [70] and magneto motive ultrasound (MMUS) [73]. MMUS is one
of the recent modality which benefits from superparamagnetic nanoparticle as contrast agent
to visualize molecular and cellular levels through ultrasound imaging.
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Among various functional magnetic nanoparticles (MNPs), superparamagnetic magnetite
(Fe3O4) nanoparticles (with sizes less than 49 nm) have attracted more attention because they
can be designed as a highly biocompatible material with high magnetization, and low toxicity
according to be used in specific application [67, 68, 73, 74]. Meanwhile, superparamagnetic
nanoparticles are of great interest in biomedical application because after eliminating the
magnetic field, particles will not show any magnetic interaction after removing the external
magnetic field.
The stabilization of superparamagnetic NPs by surface coating is a crucial issue because these
particles tend to aggregate when dispersed into high ionic strength solvents. Many researchers
have attempted to prepare superparamagnetic nanoparticles with high stability and
biocompatibility [69]. Several coating materials have been used to modify the surface
chemistry of the MNPs such as organic surfactants (sodium oleate), inorganic metals (gold),
inorganic oxides (silica), bioactive molecules (liposomes), polymeric coating (polyethylene
glycol, polyvinyl pyrrolidone and dextran) and some plants extracts that obtained from
Syzygium cumini, Eleaocarpus sphaericus and Hevea brasiliensis [75, 76].
Natural rubber latex (NRL), extracted from a native tree (Hevea brasiliensis), is a naturally
occurring form of the cis-1,4 polyisoprene and consists of rubber molecules (cis-isoprene),
water and non-rubber constituents such as protein, lipids, and carbohydrates [78]. NRL has
some biomedical and industrial applications such as drug delivery systems in guided bone
regeneration (GBR) [79], biomaterial in vascular prosthesis fabrication [80], manufacturing of
tires, balloons, aircrafts and surgical gloves [81]. In this thesis, we used superparamagnetic
(Fe3O4) nanoparticles covered by NRL as contrast agents for SDMMUS.

1.7. Magneto Motive Ultrasound Imaging
As discussed earlier in section 1.1, although ultrasound imaging has several advantages
including real time, cost effectiveness, portable, reasonable penetration depth and excellent
temporal resolution, it has a drawback of being limited in spatial resolution and contrast.
Meanwhile, some contrast agents have been developed to detect the cellular and molecular
levels such as microbubbles, liposomes, perfluorocarbon droplets and magnetic nanoparticles,
however, these contrast agents have also some obstacles which will be explained briefly.
Microbubbles as the most widely used US imaging contrast agents [82] can generate
significant contrast because of having a large acoustic impedance mismatch between the
microbubbles and their surroundings. However, they are limited because of their large size,
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larger than 1 µm [83] and also short lifespans in the body [73]. Therefore, they cannot be used
in ultrasound molecular imaging. Although liposomes have developed a longer lifespan than
microbubbles, they are still too large to pass through endothelial gap junctions in the leaky
vasculature of pathologies [72].
Nano-sized perfluorocarbon droplets (PFC) and silica nanoparticles have been introduced
to overcome the effects of size and improving the enhancement imaging efficacy but in this
case a significant contrast cannot be obtained in ultrasound images due to the weak ultrasound
reflections [84].
Finally, using superparamagnetic nanoparticles as contrast agent in conventional ultrasound
is not possible because particles are too small to backscatter ultrasound at a detectable level[72,
81]. Although in MRI superparamagnetic agents within label molecules and cells are used to
detect changes in magnetic properties of tissue [84, 85], MRI-based molecular imaging
modalities cannot obtain cellular and molecular information in real time and also they are
expensive [87]. Therefore, magneto motive ultrasound imaging (MMUS) [73] was proposed
as an imaging technique to overcome this issue. In this technique, in order to induce a motion
within the tissue labeled with magnetic nanoparticles a magnetic excitation is applied and the
backscattered ultrasound radio frequency (RF) waves are used to localize and image the
magnetically induced motions within the tissue. These vibrations, in order of micro, are
originated from the interaction of the particles with an external oscillating magnetic field. A
burst of magnetic field pulses or a continuous-time harmonic magnetic field with frequencies
in order of few Hertz usually excites the magnetic nanoparticles [88]. Therefore, this method
is an indirect way to detect the nanoparticles within in the tissue because the induced vibration
in the medium surrounding the nanoparticles is detected rather than particles. The magnetically
induced motion detected in the MMUS image depends on the magnetic susceptibility and
concentration of the magnetic nanoparticles within the tissue. Due to their weak diamagnetic
properties, normal tissue constituents do not respond to the magnetic ﬁeld. However, when
tissue is labeled with magnetic nanoparticles, it tends to move towards the lower magnetic
potential [87, 88].
As mentioned above, a time-varying magnetic field is used to create a motion for magnetic
particles are deposited in a surrounding material in MMUS. Thereafter, the particles start to
vibrate and this movement can be detected with ultrasound. The motion of a magnetic particle
depends on the spatiotemporal characteristics of the magneto-motive force and on the
viscoelastic properties of the surrounding tissue. Magneto-motive force (Fm) acting on a
magnetic nanoparticle and resulting in displacement of tissue can be defined as:
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F  (m.)
m

(1.20)

where m is the magnetic moment and B is magnetic flux density.
Considering the z-directional component of the magnetic field (Bz) and the magnetic
moment (mz), the magneto-motive force Fmz acting in z-direction can then be expressed a
Fmz= (mz )Bz . For a magnetic nanoparticle located in a weakly diamagnetic medium such as
tissue, the magnetic moment, mz can be written as mz=VmMz where Vm is the volume of the
magnetic portion of the nanoparticle. Vm can be described as Vm=Vnp×fm where Vnp is the total
size of the nanoparticle and fm is a dimensionless factor, expressing the volumetric ratio of
magnetic material in a nanoparticle. The z-directional volumetric magnetization, Mz, can be
described as Mz = (χnp-χmedium) Hz, where Hz is the strength of the magnetic field in z direction
and χnp, χmedium are is susceptibility of the volume magnetic of the nanoparticle and medium
respectively. Since the medium is considered weakly diamagnetic, |𝜒𝑛𝑝 | ≥ |𝜒𝑚𝑒𝑑𝑖𝑢𝑚 | and
consequently χ=χnp. Assuming that Bz does not change significantly over the nanoparticles due
to its small size, the volumetric magnetization Mz can be written as Mz=λnp

𝐵𝑍
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and μ0 is the

permeability of free space (4π*10-7 N/A2). Hence, the magnetic force acting on the nanoparticle
due to the magnetic field can be defined as:
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Equation (1.20) can be simplified to:
F 
mz

V f 
np m np

0

B
B
z z

(1.23)

If we suppose a sinusoidal magnetic field with frequency ω along the z direction as excitation
field has been applied as given:

B( z, t )  sin(wt ) B ( z) z
z
the magnetic force (Fmz) can be expressed as:
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(1.24)
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Based on Eq. (1.25), which define the magnetic force acting on a nanoparticle, it
follows that the total force (Ftot) acting on the particle in a surrounding material can
be described as [72, 89]:
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where kz(t) is an elastic restoring force of the medium and

∂z
∂t

(1.26)

is a viscous drag force [73].

Eq. (1.25) illustrates some important aspects for MMUS modality. Firstly, magnetic
force acting on the magnetic nanoparticle is linearly proportional not only to the magnetic
susceptibility of the nanoparticles (χnp), but also to their geometry and structure (Vnp and fm).
Clearly, nanoparticles with larger magnetic core size and higher susceptibility will produce
larger magnetic force and therefore, larger displacement and resulting in a high contrast.
However, increasing the size of the nanoparticles has some limitations for specific labeling [1].
Therefore, the magnetic susceptibility of nanoparticles plays a more important role in
determining the sensitivity of the MMUS imaging technique. However, safety and toxicity
issues of these materials are still subject to more investigations.
Second, magnetic force acting on nanoparticle is proportional to both the magnitude (Bz)
and the gradient (𝜕Bz/𝜕z) of magnetic flux density, namely the larger is the field and the
gradient of the field, the larger is the magnetically induced motion. Finally, the frequency
response of the force acting on the superparamagnetic nanoparticles is exactly twice the
externally applied modulation frequency. This relationship can be used as a reliability of the
observed magneto-motive response of magnetic nanoparticles in the medium due to the
magnetic ﬁeld [92].

1.7.1. Application of MMUS
During last decade, several works have been performed on MMUS. Mehrmohammadi et al
[92] used the MMUS modality to localize the motion of superparamagnetic nanoparticles with
different concentration of Fe3O4 labeled in tissue mimicking PVA phantoms. The same group
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as a modified MMUS modality applied a pulsed magnetic field instead of an a harmonic
magnetic field for MMUS system to detect the motion of magnetic nanoparticles embedded in
the viscoelastic medium [93]. Also, they demonstrated clusters of superparamagnetic
nanoparticle resulted in more displacements for MMUS compared to those which didn’t form
clusters with the same amount [90]. The first in vivo measurements of this group [94] was
reported by Pulsed MMUS using superparamagnetic zinc substituted magnetite nanoparticles
with enhanced magnetic saturation as a contrast agent and improved the signal to noise ratio
(SNR). Lately, zinc substituted magnetite nanoparticles prepared with coprecipitation method
was used for MMUS imaging in tissue-mimicking oil-based gel phantoms and the crucial role
of magnetization was demonstrated [95]. Moreover, the MMUS technique has also been
combined with photoacoustic imaging [96]. To enhance the localization precision of the
magnetic source in the body during gastro intestinal transit evaluation a method developed to
acquire simultaneously the images of MMUS with the AC biosusseptometry [97]. Detecting
the sentinel lymph nodes (SLN) through MMUS and MRI in rats and also testing how different
injected concentrations of NPs affect the MMUs and MRI images were investigated by
Evertsson [98].
In 2014, Almeida et al [99]. in our group proposed a technique so-called shear wave
dispersion magneto motive ultrasound (SDMMUS) which is the subdivision of MMUS. This
technique is used to estimate the mechanical properties of the medium. In this remote
elastography novel method, interaction of the magnetic nanoparticles with an external magnetic
field can generate a shear wave and propagation of this wave provides information about
viscoelasticity properties of the medium including shear elasticity (µ1) and shear viscosity
(µ1). Although several shear wave elastography methods have been established to estimate the
mechanical properties of tissue using the speed of shear wave propagation which were
discussed in chapter 1.4, in most of them the viscos behavior of the tissue, because of having
technical problems, has been neglected than shear elasticity [100]. However, some techniques
including MRE [48], SW spectroscopy (ref) and SDUV [30] could overcome this issue by
showing the importance of loss modulus in characterization of tissue. Compared to
aforementioned techniques, SDMMUS has less complexity and is more cost effective with an
acceptable accuracy. But to the best of our knowledge the only study using SDMMUS to
estimate the mechanical properties of the medium is the earlier work in our group [21]. In that
study the feasibility of the method was proven using a gelatin phantom with 4 wt. % of the
nanoparticles which were homogeneously dispersed in the whole phantom. Considering in vivo
application the used mass of nanoparticles is a huge concentration and not viable.
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Therefore, in this thesis we investigated different sizes and shapes of phantoms as well as
the kind and concentration of magnetic nanoparticles in order to optimize the generated shear
wave and evaluate viscoelastic parameters. Because when generating a shear wave in a
phantom not only the shape and size of the phantom play a key role but also the amount and
magnetic properties of the nanoparticles should be taken into account.it is well known that
there has been always a great attempt to decrease the dosage of NPs in biomedical application.
Therefore, instead of using a homogenous phantom which contains a huge mass of
nanoparticles to generate shear wave, we demonstrated that using only a small inclusion can
also produce a very good shear wave that can be used to estimate the mechanical properties of
the medium.

1.8. Objective
In this thesis, we aim to investigate various magnetic nanoparticles with different magnetic
saturation as contrast agent in ultrasound imaging as well as to study the viscoelasticity
properties of tissue mimicking phantoms. Here, it will be tried to decrease the dosage of MNPs
by using an inclusion embedded in the phantom instead of using the nanoparticles
homogenously dispersed in the whole phantom. Furthermore, we will examine the effect of
magnetization on the induced displacement. In the end, we expect to choose one of the
magnetic nanoparticles as an optimized agent to be used in both imaging and viscoelasticity
property studies. Also, the limitation of our system will be characterized by estimating the
lowest possible concentration of the magnetic nanoparticle which can generate the shear wave.

19

2. Materials and Methods
2.1. Experimental Setup
A 3-D XYZ positioning axes with 1.0 mm precision was used to hold the tissue-mimicking
phantom for experiments. As can be seen in Figure 2.1 (a-c), the magnetic field was generated
by a multi-layer coil model S189.1 (manufacturer Solen Inc., Montreal, Canada) (Table 2-1),
which has been positioned to be aligned with the field-of-view of the ultrasound transducer
(L14-5/38,). The ultrasound equipment (SONIX RP,) running a MMUS platform was used to
acquire MMUS radiofrequency (RF) maps [101] . To be more precise, the coil has inner and
outer diameters of 45 mm and 89 mm respectively, and height of 22 mm, with 9.1 mH of
inductance, 2.7 Ω of impedance. A ferrite core of 1 cm diameter (manufacturer Thornton
Eletrônica Ltda, São Paulo, SP, Brazil) with coercivity of 18 A/m is inserted in the center of
the coil and used as a magnetic field concentrator to amplify the concentration of field lines in
a small region of interest (Figure 2.1 (c)). It should be noted that the ferromagnetic properties
of an iron core with a high magnetic permeability led to the internal magnetic domains align
with the external magnetic field as well as enhancing the local magnetic field. In this study, the
tip of the ferrite core was positioned 2mm away from the central region of the phantom. Then,
the magnetic field gradient along the axial axis increase (chapter 1.7). As a result, with the
increase of the gradient and the magnetic field in a small region, an increase in the intensity of
the magnetic force generated. The coil was driven by a function generator (Agilent, model
33522A, Santa Clara, Calif, Manufacturer), connected to a power amplifier (Ciclotron, model
Dynamic 20000 Ω2, class H, Barra Bonita, SP, Brazil). The trigger output of the generator was
connected in the input trigger of the ultrasound system to synchronize the RF acquisition with
the magnetization pulse. Using 10 cycles of sinusoidal voltage with different range of
frequencies from 50 to 250 Hz, with a step of 50 Hz, were applied to produce the excitation
magnetic field. The amplitude provided for the sinusoidal signal depends on the calibration
curve and the frequency of the signal that will pass through the amplifier. During magnetic
excitation, the mechanical vibration generated by the coil may influence the measurements but
it is expected the phantom vibrate based on the vibration of magnetic field on magnetic
nanoparticles. Therefore, the coil has been isolated from the measuring and phantom system
being fixed separately to a platform that prevents transmission of mechanical noise.
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Table 2.1: Characteristics of the multi-layer coil.

Model

S189.1

Number of turns

413

Wire AWG

18

Maximum current

10A

Inductance

9.1mH

Resistive impedance

2.7 Ω

Dimensions

22 x 45 x 89 mm

Inner diameter

45 mm

Outer diameter

89 mm

High

22 mm

(b)

(a )

( c)

Figure 2.1: Image of the experimental system (a-c). A ferrite core is included in the center of a coil to enhance
and focus the magnetic field gradient (c).
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A schematic of the experimental setup was illustrated In Figure 2.2.

Figure 2.2: Schematic depiction of the experimental setup used to perform the measurements.

2.2. The magnetic field
A gaussimeter (TMAG_IT, Globalmag) with a Hall sensor and an oscilloscope (Agilent
Technologies InfiniiVision Mso7b4 B Mixed signal, 1 GHz, 4GSA/S) were used to observe
the profile of the magnetic field respect to the tip of the coil. The current on the coil was kept
fixed in 2A. Meanwhile, the distance of the gaussimeter was changed from the center of the
coil (2mm - 20 mm). The first distance was considered 2 mm from the tip of the magnetic field
concentrator to the surface of phantom (where the surface of inclusion started).

2.3. Magnetic nanoparticles (Fe3O4)
All used magnetic nanoparticles (Fe3O4) were superparamagnetic with different average
sizes ranging from 7.9 to 25 nm and different coating materials such as natural rubber latex
(NRL) and Polyvinylpyrrolidone (PVP). The saturation magnetization of MNPs changes based
on the core size, size distribution and modified surface of MNPs. The properties of
superparamagnetic nanoparticles that were used is given in Table 2.2.
The nanoparticle of sample 1 were purchased from Houston, TX, USA, samples 2 was made
in our lab (GIIMUS, Ribeirao Preto, USP University), and samples 3-7 prepared in the
biomagnetism lab (Ribeirao Preto, USP University). Samples 5 and 6 were prepared by 100
and 800 µL of latex and they named MNPs-100NRL and MNPs-800NRL respectively. MNPs100NRL has thin shell of NRL while MNPs-800NRL has thick shell of NRL because of using
high concentration of NRL. NRL has high molecular weight and magnetic saturation of MNPs
was measured based on the mass of magnetic nanoparticles, so it is important to know the mass
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of latex that used for each sample of 5 and 6. By calculating and subtracting the mass of NRL
from the total mass (NRL+ MNPs) of each sample the mass of pure MNPs can be calculated.
It can be seen (Table 2.2) values of magnetic saturation for samples 5 and 6. These values are
related to considering only the mass of iron oxide nanoparticles.
Table 2.2: The properties of superparamagnetic nanoparticles used in the phantoms.

Nanoparticles

Size

Magnetic

(Fe3O4)

(nm)

saturation (emu/g)

Sample 1

25

62

Method

Cover

Commercial

Polyvinylpyrrolidone
(PVP)

Sample 2

12.5

70

Co-precipitation

Without cover

Sample 3

20

70

Co-precipitation

Without cover

Sample 4

12±4.17

57

Co-precipitation

Without cover

Sample 5

13±2.8

85 (MNPs Mass)

Co-precipitation

100NRL

Sample 6

7.9±1.5

119 (MNPs Mass)

Co-precipitation

800NRL

2.4. Tissue mimicking phantom
To perform the measurements for the mentioned setup, variation of different sizes and
shapes for the phantom and inclusion were tested and classified as follows. As the first
experiment, a homogenous phantom made to test the setup is feasible, the same phantom was
prepared in our group in 2015 [102]. In this work, we used a lower concentration of
superparamagnetic particles and phantoms (was included an inclusion, with different sizes and
shapes) to investigate the optimized results for SDMMUS measurements. This new method
has a potential for clinical application. In this case, a low dose of iron oxide nanoparticles is
needed. The phantoms prepared with gelatin tissue mimicking phantom for the homogenous
ones, while those contained the inclusion were mixed with glass bid and agar.
2.4.1. Gelatin tissue mimicking phantom
The tissue mimicking phantom was made with Bloom 250 animal gelatin (bovine),
dissolved in deionized water with resistivity of 18.2 MΩ.cm at 25ºC and heated to 70ºC to
obtain a homogeneous solution and release trapped gases into the solution [103]. To measure
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the temperature of the solution a digital thermometer Incoterm, Brazil, with temperature of
50 ºC to +300 ºC, was used continuously until reaching to 70 ° C. For doing the process of
dilution, a heating system model 752A (manufacturer Fisatom, São Paulo, Brazil) and a backer
was included water, gelatin powder and magnetic stirrer were used. Magnetic mixer is used to
spin quickly which placed inside of the solution to effect the mixing and homogeneous. After
reaching the temperature to 70 ° C the stirrer was removed. Then, solution kept in room
temperature and mixed slowly to decrease the temperature to 50° C and continued the mixing
to get homogeneous. Soft movements are necessary through mixing to avoid air bubbles for
the solution. Since these bubbles can interfere the reading of the ultrasonic. Therefore,
magnetic nanoparticles were added into the solution in 50°C. After the temperature of the
mixture reached 40° C, the 5% of the entire concentration of gelatin was added as a
formaldehyde value. Formaldehyde is an anti-bactericidal agent that improve long-term
stability of the phantom in addition to increase the melting point and the modulus of the
elasticity [104]. While the solution is in liquid state and reach 35° C the mixture was poured
into a desired mold that attached to a motorized system. This system regulates the velocity and
applies a rotational motion at 3 rpm for 24 uninterrupted hours within a refrigerator maintained.
This rotation is necessary to keep uniform distribution of nanoparticles in the phantom.
As backscatter of the wave ultrasound we used glass bids sphere with diameter less than 37
µm in the third phantom. But, as these particles were heavy they deposited on the surface of
the inclusion and created a border, this scatter was replaced by the agar gelatin (Agar
Bacteriologic CAT. RM026 from the company of HIMEDIA).
Therefore, to make the phantoms of agar, the solution was heated until reach 90° C for 4
hours to be completely free of microbubbles and get homogeneous. This solution also was
rested in room temperature until reaching 35 °C and then poured into a cylinder mold where
the inclusion was positioned in the bottom of it. Finally, the phantom was kept in the
refrigerator again for 24 more. To sum up, 13 phantoms prepared with different shapes as well
as different concentration of MNPs which have some specific characteristics as follow:
The first phantom (P1): A gelatin tissue mimicking homogeneous phantom made with 4%
of gelatin and 4% concentration of magnetic nanoparticles (Fe3O4). A concentration of 5 %
(0.84ml) of formaldehyde was added to the solution in 40° C. The used superparamagnetic
nanoparticles were commercial (Nanostructured & Amorphous Materials Inc., Houston, TX,
USA) and with the size 25 nm, coated with 1% PVP (polyvinylpyrrolidone) and magnetic
saturation of 62emu/g. After preparation, the solution put into the acrylic cube with dimension
of 75x75x75 𝑚𝑚3 and attached to a rotational system, Figure 2.3. This phantom is the same as
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phantom prepared in our group in 2015. But here this phantom was considered as the first
experiment to test the setup.
The second phantom (P2): A gelatin tissue mimicking homogeneous phantom made with
4% of gelatin and 0.5% concentration of iron oxide nanoparticles (Fe3O4). The same
nanoparticles used (sample1) in this phantom. The solution poured in the cylinder mold with
dimension of 60x60 𝑚𝑚2 and 5% (0.34 ml) of formaldehyde was added to the solution in 40°
C. In both phantoms (P1 and P2) were used a high concentration of magnetic nanoparticles
which are not appropriated for the biomedical application.
The third phantom (P3): In this part, there are two molds: A cylindrical phantom with a
spherical inclusion, Figure 2.4 (a). The procedure to prepare the phantom was the same as
before but using gelatin tissue mimicking phantoms with glass bid. The inclusion is spherical
with diameter of 1.5 cm, with 1% concentration of magnetic nanoparticles (Fe3O4), the same
one used for the phantom P1 and P2 and 5% (0.0035 ml) of formaldehyde. 5% of formaldehyde
(0.34 ml) and 0.5% of glass bid were used in this phantom (cylindrical shape with diameter of
60 cm and height of 60 cm). This type of phantom with spherical inclusion did not provide
good results which shown in the next chapter. Finally, after trying some trials the optimized
phantom was chosen that described in the fourth phantom.
The fourth phantom (P4): This phantom was made using the same procedure as
aforementioned in phantom 3. While the shape of inclusion is changed to the cylinder mold
with diameter of 20 and height of 20 mm, Figure 2.4 (b). The phantom shape and size were the
same in the phantom 3 (Tissue mimicking phantom was prepared with 4% of gelatin, 2% of
Agar replaced instead of agar). The inclusion was homogeneously labeled with 1% of magnetic
nanoparticles. The used nanoparticles for this phantom contain 5 groups which shown in the
Table 1.1 (group 2-group 6). Moreover, the 0.3% of iron oxide nanoparticles of group 4 is used
to check the displacement profile and the shear wave propagation. Furthermore, four more
concentration of MNPs-800NRL such as 0.10%, 0.20%, 0.30, and 0.70% were used to
investigate the limitation in SDMMUS modality.
The phantom was kept for 2 days in the refrigerator before performing the measurements,
to stabilize its structure. B-mode ultrasound image was obtained for all phantoms to identify
structures that could improve measurements as bubbles or accumulation of ferromagnetic
material in any region. If phantom face these problems, it will discard in chemical waste. For
each sample four phantoms prepared with the same characteristics for doing measurements.

25

Figure 2.3: System to rotate the phantoms to keep homogenous.

(a)

(b)

Figure 2.4: Mimicking phantom mold with: (a) spherical and (b) cylindrical inclusion shape.

(a)

(b)

Figure 2.5: The cylindrical phantom that a spherical inclusion is embedded in.

2.5. Ultrasound system
The RF data was acquired using a programmable ultrasound equipment Sonix RP
(Ultrasonix, DK, Boston, Massachusetts, USA). The specifications of Sonix RP are listed in
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Table 2.3, while the characteristics of the linear transducer (L14-5/38, WHERE) coupled to the
Sonix RP are listed in Table 2.4.

Table 2.3. Ultrasound system specifications

Model

Sonix RP

Transducer

128 Elements (Linear)

Chanals (TX)

128

Chanals (RX)

32

Max sampling frequency

40 MHz

ADC

10-bit

operational system

Windows XP 32-bits

Table 2.4: Characteristics of the used transducers coupled to Sonix RP.

Elements

128
(L14-5 / 38)

Model
Bandwidth

14-5 MHz

Pitch

0.30 mm
20 mm up to 90 mm

Depth

To acquire RF data, the Sonix RP was set to run a MMUS dedicated platform that enables
us to acquire MMUS data via graphical user interface [101]. This platform automates a MMUS
acquisition system by controllinga function generator, which syncs ultrasound acquisition with
magnetic excitation, and storing RF data, as can be seen in Figure 2.6.
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Figure 2.6: MMUS platform user interface.

The configuration was performed by choosing a commonly used set of ultrasound
imaging-related parameters such as depth and sound speed. To acquire MMUS data, it is
required the configuration of an MMUS pulse sequence that has a high framerate (described in
the section 2.5.1) and a magnetic waveform; we configured an MMUS pulse sequence by
considering a framerate of 2000 Hz and a sine magnetic excitation waveform that is driven to
the excitation coil (see section 2.1).

(a)
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(b)

Figure 2.7: The user interfaces of an MMUS timing sequence. (a) Ultrasound acquisition and (b) Magnetic
excitation.

2.5.1. High framerate
To obtain a high framerate, the MMUS platform generates a high framerate ultrasound
beamforming time aligned with the magnetic excitation, it acquires data by dividing the
transducer into subsectors, for instance a subsector of the transducer with 4 activated elements
presents a frame rate 8-fold higher than a subsector with a size of 32 activated elements, each
subsector is acquired for a fixed time that is big enough to track the particule displacement
induced by the magnetic excitation [101].

2.6. Particle displacement
The particle displacement induced by the magnetic force is in the order of microns.
Therefore, it is needed to use a tracking algorithm that compares ultrasound signals to obtain
the particle displacement. For instance, consider two ultrasound RF signals 𝑠1 and 𝑠2 , that are
obtained before and after magnetic excitation, respectively. A comparison between those two
signals should provide the particle displacement if it is possible to track a time delay between
𝑠1 and𝑠2 . There are many methods capable of tracking time delays among ultrasound RF
signals, one of them uses a cross-correlation-based algorithm [101], which is applied first to
obtain an auto-correlation (AC):

s1  s1  Rs1 s1

(1.27)

s1  s 2  Rs1s 2

(1.28)

And then, cross-correlation (XC):
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It is computationally efficient to obtain AC and XC using a Fourier transform:

AC  F 1  F (s1 )  F (s1)  XC  F 1  F (s1 )  F (s2 ) 

(1.29)

The time delay () is obtained comparing the time location of the peaks of maximum correlation
of Rs1s1 and Rs1s2, which is given in units of time as (sec) is,  sec   (7), where fs is the
fs

sampling rate of the ultrasound RF signal. Therefore, a particule displacement u is obtained:

u

c s  sec
2

(1.30)

Usualy, the time location of the peak of maximum correlation is biased by noise or limited
sampling frequency; therefore a polynomial fit adjust is then applied to reduce bias that could
affect the location of the peak of maximum correlation [101]. In summary, a tracking algorithm
is applied on a RF map to obtain a displacement map that is given in microns (µm). As long as
we have sufficient framerate, the shear wave can be mapped, and its propagation through the
medium is analyzed to obtain the shear wave velocity:

c sw 

u
t

(1.31)

The aforementioned 1-D signal algorithm can be applied in a 2-D map, where the crosscorrelation is applied over pairs of maps indexed by the variable t, for example, if we take the
𝑡 = 1 and 𝑡 + 1 = 2 the next pair of cross-correlation is then 𝑡 = 2 and 𝑡 + 1 = 3, resulting in a
particle velocity 2-D map (Fig 2.8)[101].

Figure 2.8: 2-D particle velocity map [101].
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This method has a particular set of parameters that can be configured to enhance the
accuracy; Since it is a 1-D algorithm applied over a 2-D RF map, lines of map are processed
along depth by selecting a rectangular window (with a size of 1.0 mm), which is overlapped
by 70% with the next window to increase the spatial resolution in depth and accuracy of
displacement. All this algorithm is already implemented in the MMUS platform [101] an
user graphic interface is depicted below (Figure 2.9).

1

2

3

Figure 2.9: The MMUS graphical user interface used to obtain 1) B-mode image; 2) MMUS image; 3)
Power spectrum of the displacement.

The MMUS platform provides three main parts. 1) Generates a B-mode image, 2)
generates a MMUS particule displacement image, which tracks shear waves movement, and
3) analyzes shear wave signal by assessing amplitude and frequency of displacement signal.
As explained previously, the framerate is 2 kHz and soundspeed is 1540 m/s, and they’re
used in Equation (X) over space to obtain a spatial average of the displacement over a region
of interest (ROI) with a size of 10×10 mm 2, it can be noticed that the magnetic NPs
movement is tracked by MMUS platform (Figure 2.10).
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(b)

(a)

(d)

(c)

Figure 2.10: Analysis of shear wave signal. (a) Displacement image, (b) region of interest selected to
obtain a spatial average of the particle displacement signal, (c) the average particle displacement signal and
its (d) frequency spectrum.

The MMUS platform provides three main parts. 1) Generates a B-mode image, 2)
generates a MMUS particule displacement image, which tracks shear waves movement, and
3) analyzes shear wave signal by assessing amplitude and frequency of displacement signal.
As explained previously, the framerate is 2 kHz and soundspeed is 1540 m/s, and they’re
used in Equation (X) over space to obtain a spatial average of the displacement over a region
of interest (ROI) with a size of 10×10 mm 2, it can be noticed that the magnetic NPs
movement is tracked by MMUS platform (Figure 2.10).

2.7. Shear wave velocity and viscoelastic parameters
The shear wave velocity can be obtained by tracking the peaks of maximum amplitude
of the shear wave signal during its propagation through depth. As can be seen in Fig. 2.11,
the shear wave signal’s peak of maximum amplitude decreases its value when analyzed at
three different depths 51, 46, and 41. As long as it is possible to track the peak of maximum
intensity, a time to peak (TTP) algorithm was used to assess the position of the shear wave
as a function of time [105]. The normalized amplitude is obtained by normalizing the shear
wave signal with the maximum amplitude within the analysis window. This normalized
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amplitude decreases because of the attenuation caused by the phantom viscoelastic
properties.

Figure 2.11: The shear wave analysis is performed via the window of analysis of MMUS platform, it shows
three shear wave signals at 51, 46, and 41 depths.

To obtain the shear wave velocity, TTP algorithm was used to correlate at least two shear
wave signals; the position of the peak of maximum amplitude of the shear wave as a function
of time is given, and then a linear function fits these values. The shear wave velocity was
obtained by considering the slope of the linear function that fits TTP data (see the purple
circle in Fig. 2.12).

Figure 2.12: The time to peak algorithm is used to obtain shear wave peak position as a function of time,
and then a linear fitting is applied obtain the shear wave velocity.
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The shear wave velocity was obtained by using different frequencies. The frequency
range was set to vary from 50 - 250 Hz using steps of 50 Hz. Assuming Kelvin-Voigt model
for a viscoelastic medium with mass density𝜌, the shear wave velocity 𝑐𝑠 is given as:

c 
s

2(  2   2  2 )
1
s 2

 2

        2 2  
1
1
s
2




(1.32)

where 𝜔𝑠 is the shear wave frequency, and the shear elasticity and viscosity are µ1 and µ2 ,
respectively [29].
To obtain µ1 and µ2 , the Levenberg-Marquardt algorithm [106] was applied to perform a
non-linear adjustment considering 𝜔𝑠 and 𝑐𝑠 . This algorithm was implemented in Matlab
[107].
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3. Results and Discussion
3.1. Analysis of magnetic field of excitation coil
To observe the effect of magnetic field by changing the distance of gaussimeter regard to
the coil, some measurements were done as discussed in chapter 2.2. As can be observed in the
Figure 3.1, the closest distance (2 mm) depicts the highest magnetic field. The variation of
amplitude of magnetic field for various distances is reported (Figure 3.1). Clearly, increasing
the distance of the gaussimeter to the coil will decrease the amplitude of the magnetic field.
For example, from 10 mm of the tip of the coil the Magnetic Field is 0.05 T.

(a)
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Figure 3.1: The profile of the magnetic field respect to the tip of the coil. a) Oscillating magnetic field 3 mm far
from the tip; b) Amplitude the magnetic field for different distance from tip.
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3.2 Evaluation of acquisition system
A fixed magnetic field about 0.16 T at a distance of 2 mm far from the tip of the ferrite core
was considered. The propagation of the shear wave was achieved by applying this field and
distance for all phantoms. Also viscoelastic measurements were used to obtain information
about the mechanical properties of soft tissue mimicking phantom. Based on these
measurements, up to the 4 mm distance from the excitation region can be considered as a
critical area. The variation in the magnetic field is mainly due to the change of resistance in the
coil originating from the variation of the frequency of the applied signal [91]. 10 cycles were
used with the ranges of frequencies from 50-250 Hz during the analyzes of the magnetic field
generation by the coil.

3.3: Evaluating phantoms for SDMMUS imaging
Figure 3.2 (a)-(b) -(c) shows the processed signal of the shear wave of magneto motive
ultrasound, (the processing method explained in section 2.6), for magnetic excitation of 50 Hz.
As discussed previously in the second chapter, various phantoms were prepared with
different superparamagnetic nanoparticles with different saturation magnetization. In this
thesis, group 1 made as the first phantom with high concentration of iron oxide nanoparticles
to show that these nanoparticle are suitable for this modality using the same methodology as
in [108]. As can be seen, images of shear wave propagation have a high resolution showing the
feasibility of the method using commercial magnetic nanoparticles (Figure 3.2).
In Figure 3.3, the amplitude of the shear wave propagating through the phantom in three
different depths is represented. In this Figure, the blue line is considered as the first depth at
66 mm from the place of the ultrasound transducer. The two other lines are depths further than
the inclusion place (ROI). As it was expected, the amplitude reduced because of the signal
attenuation in the medium. In the following sections, results for the other phantoms, only
displacements in one depth will be reported.
As aforementioned in chapter 1.7 the frequency spectrum of magnetic nanoparticles should
be twice larger than excitation frequency (50 Hz) which depicted below in Figure 3.3. The
frequency of magnetic nanoparticles displacements was seen at 93.8 Hz. This value was
already expected as described in the Eq. 1.26, because the magneto motive force created by an
alternating magnetic field must be two times larger than the excitation frequency [92]. This
can be used as a confirmation that the observed displacement is due to the applied magnetic
field.
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Figure 3.2: Propagation of the shear wave in the phantom with 4% of gelatin and 4% of nanoparticle with
magnetic excitation of 50Hz in two different times (18.5 and 30 ms).

Figure 3.3: Displacement of the shear wave through the phantom for 4% gelatin and 4% concentration of
Fe3O4 in three depths.

Figure 3.4: Frequency of the magnetic nanoparticles movement.
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It should be noticed that the maximum mechanical displacement of the medium is near to
the region of the magnetic field concentrator. Since the more intensity is seen in this region.
However, area which is near to the tip of the coil (region of excitation) during the evaluating
of the shear wave displacement should not be considered, because of the influence of the
excitation and as well as the inertial effect of the movement.
Figures 3.5 and 3.6 are presented the results for the second homogenous phantom including
0.5% of MNPs. As can be observed, the shear waves are propagating in two different times in
Figure 3.5. The spectrum of displacements by time and frequency of magnetic nanoparticles
displacements were observed below in Figure 3.6 (a) and (b) respectively.

Figure 3.5: Propagation of the shear wave in the phantom with 4% of gelatin and 0.5% of nanoparticle
in three different times.

(a)

(b)

Figure 3.6: a) Displacement of the shear wave by the phantom for 4% of gelatin and 0.5% concentration
of Fe3O4 and b) frequency of the magnetic nanoparticles movement.
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The third Phantom (P3): As can be shown for this phantom (Figure 3.7) the shear wave
images did not show a good resolution because the glass bid precipitated on the surface of
inclusion and created a border. Therefore, big reflections were seen in this border and shear
wave could not propagate through the phantom only around the inclusion.

(a)

(b)

Figure 3.7: Propagation of the shear wave in the phantom with 4% of gelatin and B) 1% of
nanoparticle as an inclusion in two different times: a) 18.5 ms and b) 30 ms.

(a)

(b)

Figure 3.8: A) Displacement of the shear wave by the gelatin phantom (4%) and 1% concentration
of Fe3O4 and B) frequency of the magnetic nanoparticles movement.

The fourth phantom (P4): As it was explained above, the spherical inclusion included
glass bid did not depict good results for the shear wave. Therefore, this inclusion was replaced
by a cylinder for the other phantoms. The first comparison with a cylinder inclusion was done
on the sample 2 (size 14 nm) and the sample 3 (size 20 nm). Figure 3.9 shows the magnetization
curves for the sample 2 (black color) and sample 3 (red color) that both samples have the same
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saturation magnetization 70 emu/g. In this study, a specific time, 60 ms was considered for the
spectrum of displacements during the time. The aim of the comparison of these two samples
was to investigate the influence of size and magnetization on the applied magnetic field. Shear
wave propagation for both samples illustrates in Figure 3.10 and 3.11 respectively. Figure 3.12
describes the induced displacements for sample 2 (a) and 3 (b) as well as their magnetic
nanoparticles frequency in Figure 3.13.

Figure 3.9: Magnetization curves for the sample 2 (12.5 nm) and sample 3 (20 nm.)

Figure 3.10: Propagation of the shear wave in the phantom with 4% of gelatin and 1% of nanoparticle
(sample 2, 12.5 nm) as an inclusion in two different times.
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Figure 3.11: Propagation of the shear wave in the gelatin phantom (4%) and 1% of nanoparticles
(sample 3, 20 nm) as an inclusion in two different times.

(b)

(a)

Figure 3.12: Displacement of the shear wave by the phantom for 4% of gelatin and 1% concentration
of sample 2 (a) and sample 3 (b).

(b)

(a)

Figure 3.13: The frequency of the magnetic nanoparticles movement for sample 2 (a) and 3 (b) respectively.
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Based on the obtained results (Figure 3.12), the induced displacements for these 2 samples
were 3.5±0.18 and 3.2±0.12 µm respectively at 60 ms. Although the sample 3 (20 nm) has a
larger core size than sample 2 (12.5 nm) the value of the induced displacement was almost the
same because of having the same saturation magnetization. From this comparison can be
noticed that the effect of magnetization is higher than size of MNPs. As can be observed in
Figure 3.11, there is some reflections at the end of the image namely the bottom of phantom
(opposite side of the ROI). This occurs mainly because of the impedance differences between
phantoms and air at the border. To remove this effect, we designed a silicon mold and prepared
the gelatin based agar phantom inside this mold. As a result, the boarder gelatin-air changed to
the gelatin-silicon which the latter has the less impedance differences.
Since biological tissue has dispersive property the shear wave propagation and the induced
tissue displacement are frequency dependent [109] .Therefore, for P4 and P5 (Figure 3-14)
different values of shear wave velocities were achieved for each frequency response of the
medium (50- 250 Hz). After that, the mechanical parameters such as shear elasticity and
viscosity were calculated by the Levenberg-Marquardt algorithm [106].

Figure 3.14: Velocities of shear wave versus different frequencies (sample 2 and 3).

The acquired values of shear elasticity for group two and three were 2.67± 0.33and
2.07±0.29 kPa respectively. The values of shear viscosity were 4.37±0.24 and 4.35±0.19 Pa.s
respectively.
The sixth - ninth phantoms (P6-9): For theses phantoms bare magnetic nanoparticles,
MNPs100 NRL and MNPs800NRL were used as an inclusion. Figure 3.15 reports TEM images
and histograms of the size distributions of bare MNPs and NRL-coated MNPs. Figure 3.16
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exhibits the magnetization curves for uncoated MNPs and NRL-coated MNPs considering the
mass of iron oxide.

(b)

(a)

(d)

(c)

(e)

(f)

Figure 3.15: TEM images and histograms of the particle size distribution of bare MNPs (a-b)
And for 100NRL (c-d) and 800NRL (e-f).
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Figure 3.16: Magnetization curves of bare MNPs and NRL-coated MNPs measured by Hall magnetometer
considering only the mass of iron oxide nanoparticles (MNPs).

In the sixth and seventh phantom (P6 and P7) MNPs were used as an inclusion 1 % and
0.3% concentration of magnetic nanoparticles respectively. In the figures 3.17 and 3.18 are
demonstrate the shear waves propagating for theses phantom for two different times.

Figure 3.17: Propagation of the shear wave in the phantom with 4% of gelatin and 1% of nanoparticles
(MNPs) as an inclusion in 18.5 and 30 ms.
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Figure 3.18: Propagation of the shear wave in the phantom with 4% of gelatin and 0.3% of nanoparticles
(MNPs) as an inclusion in two different times.

(a)

(b)

Figure 3.19: Displacement of the shear wave by the phantom (4% gelatin) and 1 % concentration and 0.3%
of bare MNPs.

(a)

(b)

Figure 3.20: The frequency of the magnetic nanoparticles movement for 1% concentration (a) and 0.3% of
bare MNPs (b) respectively.
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For p6 and p7, the maximum displacements were 2.2 ± 0.12 and 0.9 ± 0.14 µm respectively
at 60 ms. As can observed, for low concentration as 0.3 %, the profile of the displacement and
the shear wave propagation is maintained.

The eighth phantom (P8): The shear wave propagation for this phantom (was included
MNPs-100NRL) in two different times depicts in Figure 3.21. Figure 3.22 shows the value of
induced displacement, 4.2±0.15 µm, at 60 ms and the frequency of magnetic nanoparticles
displacements (101.6 Hz).

Figure 3.21: Propagation of the shear wave in the phantom with 4% of gelatin and 1 % of nanoparticles (MNPs100NRL) as an inclusion in 18.5 and 30 ms respectively.

(b)

(a)

Figure 3.22: Displacements of the shear wave in the phantom for 4% of gelatin and 1% concentration
of MNPs -100NRL (a) and frequency of the magnetic nanoparticles movement (b).
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The ninth phantom(P9): MNPs-800 NRL were used as an inclusion, and its results are
demonstrated in Figure 3.23-3.24. The induced displacement value was 5.8± 0.2 at 60 ms,
(Figure 3.24) which is larger than the value for P6 and P7.

Figure 3.23: Propagation of the shear wave in the gelatin phantom (4%) and 1% of nanoparticle
(MNPs-NRL800) as an inclusion in two different times.

(a)

(b)

Figure 3.24: Displacement of the shear wave in the gelatin phantom (4%) and 1% concentration of MNPs
800NRL (a) and frequency of the magnetic nanoparticles movement (b).

For the three latter phantoms including bare MNPs, MNPs-100NRL and MNPs-800NRL,
different values of velocities were acquired in different frequency, Figure 3.25. Thereafter, the
mechanical parameters such as shear elasticity (µ1) and shear viscosity (µ2) for these phantoms
are reported in the table 3.1.
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Figure 3.25: Shear wave velocities in a dispersive medium with 4% gelatin for phantoms including bare
MNPs, MNPs-100NRLand MNPs-800NRL.

Table 3.1: Mechanical properties of phantoms with 4% gelatin.

Bare MNPs

MNPs-100NRL

MNPs-800NRL

µ1

6.63

± 0.33

kPa

6.38

± 0.23 kPa

7.27

µ2

4.61

± 0.21

Pa.s

6.2

± 0.19 Pa.s

3.6

± 0.34

kPa

± 0.2

Pa.s

As can be seen in Figure 3.16, the MNPs-800NRL shows the highest saturation
magnetization and thereafter MNPs-100NRL and bare MNPs have the lower magnetic
saturation, respectively, in the field of 0.1 T. Therefore, as it was expected, MNPs-800 NRL
illustrates larger displacements compared to other ones due to the higher saturation
magnetization. Based on our results, it can be concluded that the effect of magnetization on the
induced displacements is much more pronounced than the size of magnetic nanoparticles.
Finally, according to the results MNPs-800 NRL were selected as the optimized magnetic
nanoparticle among those which were used in this thesis. As it was expected, this optimized
nanoparticle was the one with the highest magnetic saturation. Figure 3.26 observes the linear
relation between saturation magnetic on the induced displacements of magnetic nanoparticles.
Based on the results of all our samples, it can be confirmed that the induced displacement has
a linear proportion with saturation magnetization of magnetic nanoparticles.
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Figure 3.26: The linear proportion of saturation magnetic on the induced displacements.

After determining the optimized magnetic nanoparticle, the lowest concentration (0.2%)
was used in order to investigate the limitation in SDMMUS modality. Figure 3.27 demonstrates
the shear wave propagation through the phantom using 2% of concentration. The induced
displacement for this phantom was 1.3 µm and also the frequency for magnetic nanoparticles
movements (101.6 HZ) are shown in Figure 3.28.

Figure 3.27: The shear wave propagation through the phantom with 0.2% nanoparticle (MNPs-800NRL) as
an inclusion in 18.5 and 30 ms.
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(a)
(b)

Figure 3.28: Displacements of the shear wave in the phantom with 1 % concentration of MNPs -800NRL
(a) and frequency of the magnetic nanoparticles movement (b).

Finally, four more concentrations (0.1%, 0.2%, 0.3% and 0.7%) were used to confirm the linear
relation of the magnetic nanoparticles concentration with the amplitude of the induced
displacement. Moreover, a phantom was prepared with an inclusion without any nanoparticles
(0.0%) as the control sample to confirm that the observed displacements are due to interaction
of the magnetic nanoparticles with the applied field. Clearly, phantoms with higher
concentrations exhibit higher motion and there is almost a monotonic increase in the amplitude
of displacement by increasing the concentration of nanoparticles (Figure 3.29).

Figure3.29: The displacement amplitude detected in phantoms with different concentration of MNPs800NRL.
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Table 3.2: A resume of all used phantoms and physical parameters
Nanoparticles

Size

Concentration of

Magnetic saturation

displacement

(Fe3O4)

(nm)

MNPs (%)

(emu/g)

(µm)

MNPs-1

12.5

1

70

3.2

MNPs-2

20

1

70

3.5

MNPs-3

12±4.1

1

57

2.2

MNPs-4

12±4.1

0.3

85

0.9

MNPs-100NRL

13±2.8

1

85

4.2

MNPs-800NRL

7.9±1.5

1

119

5.8

MNPs-800NRL

7.9±1.5

0.7

119

4.24

MNPs-800NRL

7.9±1.5

0.3

119

1.54

MNPs-800NRL

7.9±1.5

0.2

119

1.3

MNPs-800NRL

7.9±1.5

0.1

119

0.07

It should be mentioned that, as can be observed induced displacement in MMUS showed
different behaviors during the time of magnetic excitation for all phantoms except for
homogenous ones which have a uniform motions, since these phantoms are more viscous
compared to those including inclusion. The main reason for having different values in the
displacements’ spectrum is due to elastic properties of the medium, where the response is not
linear with the waveform of the applied magnetic field. Therefore, the observed displacements
are different at various times during the application of the magnetic.
As it has been shown in previous studies [94, 95] magnetization of magnetic nanoparticles
plays a key role in MMUS imaging. This factor was also a significant aspect for SDMMUS
experiments in this thesis. Therefore, when applying this technique, it should be noticed that
nanoparticles with high magnetization saturation are more appropriate for SDMMU. Using
magnetic nanoparticles with high saturation magnetization can result in not only improving the
signal but also reducing the dosage of MNPs which this issue has always been at the center of
attention in many studies [110]. The advantages of using lower doses of magnetic nanoparticles
can be decreasing the clinical side effects including lower toxicity and damages to cells.
Moreover, by enhancing the saturation magnetization of MNPs the cost for generating a high
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gradient magnetic field will reduce when considering larger volumes, such as in vivo
applications.
In this thesis, a low dosage (1%) of MNPs-800NRL with a high saturation magnetization
(119 emu/g) and core size of 7.5 nm presented a very satisfactory signal for SDMMUS.
However, we showed that even using small doses as 0.2%, it was possible to detect the shear
wave with a good signal-to-noise ratio (see figure 3.27). It is the mass percentage of MNPs in
a small inclusion (~7 ml) and not in the whole phantom as in the previous study [22, 99]. To
explain in more detail, considering the gelatin phantom with the dimensions of 75×75×75 mm3
the volume is ~ 422 ml, and 4 wt. % of the nanoparticles will be 20 gr homogeneously dispersed
in the whole phantom. Considering in vivo application this mass of nanoparticles is a huge
concentration and is not viable. For SDMMUS technique, the region labeled with nanoparticle
should be equivalent the area of the magnetization. Whereas, in our case, for a inclusion of 7
ml, 1 wt. % of MNPs correspond to 0.07 g. Comparing these two dosages, the used
nanoparticles have been decreased substantially. In addition of using bare MNPs, we also used
magnetic nanoparticle with covered latex. Generally, covering is one of the most important
parameters in biomedical applications in order to reduce the toxicity and increase the
biocompatibility of the surface of MNPs, also it can prevent agglomeration in magnetic
nanoparticles. Natural rubber latex (NRL) is not only bioactive, anticancer and biocompatible
(Cytotoxicity and anticancer activity of natural rubber latex particles for cancer cells) but also
it can increase the magnetization saturation of MNPs. Therefore, this technique (SDMMU) due
to the less complexity and being cost effective with acceptable accuracy can be a suitable image
modality for detect nanoparticles distribution into biological tissue and as non-contact
Rheological technique for in vivo viscouselastics evaluation. However, to apply this technique
in in vivo, more studies are needed.

4. Conclusion
In this thesis, six magnetic nanoparticles with different properties were used and the effect
of magnetization on the displacement and shear wave propagation in gelatin phantom was
studied. All the phantoms were consisted of an inclusion prepared with the same materials used
for the phantom plus various percentages of magnetic nanoparticles (Fe3O4) which had
different saturation of magnetization. Shear wave were successfully generated for all phantoms
and MNPs-800NRL was selected as the optimized one in SDMMUS imaging. It should also
mention that the obtained resolution can be estimated 0.15 µm for our system. Moreover, by
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using Voigt model, the mechanical properties of the phantoms were investigated. According to
the results, it can be concluded that SDMMUS has a great potential to be used as a remote
novel elastography as well as molecular imaging. Meanwhile, by choosing the appropriate
magnetic nanoparticles for this diagnostic application, one can consider the potential of the
used nanoparticles in theranostics application as well. For example, the same magnetic
nanoparticle which is used for imaging might be used in therapeutic application such as
magnetic hyperthermia.
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