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POPULÄRVETENSKAPLIG SAMMANFATTNING 

 

Ju tidigare man kan upptäcka sjukdomskopplade förändringar i kroppen, desto större är 
chansen att bli frisk och överleva sjukdomen. Molekylär avbildning är ett nytt 
forskningsfält som vuxit fram de senaste årtiondena som svarar mot detta önskemål. Målet 
är att så tidigt som möjligt kunna avbilda de förändringar som ger upphov till sjukdomen, 
snarare än att som idag, avbilda effekterna av dem (t ex förändringar i anatomi eller i 
blodflöde). Målsökande molekyler, så som exempelvis antikroppar, binds in till ett 
kontrastmedel som i sin tur binder in till exempelvis tumörvävnad. På så sätt kan 
förändringar som sker på en cellulär eller molekylär nivå tidigt i sjukdomsprocessen 
detekteras. Tekniken förväntas ha stor betydelse inom t.ex. cancerdetektion, 
individanpassad behandling, läkemedelsutveckling samt för att få förståelse för hur 
sjukdomar som cancer uppkommer. 

Medicinska avbildningstekniker som MRI, PET och optiska tekniker har utvecklats mest 
då det gäller molekylär avbildning, medan utvecklingen för ultraljud inte varit lika stark. 
Anledning till detta är att ultraljudskontrastmedel idag består av mikrometerstora bubblor 
som p.g.a. sin storlek är begränsade till att befinna sig i blodbanan och därför inte kan 
användas för att avbilda och detektera processer utanför denna. Bubblorna tenderar att 
släppa från de ställen de fäst in till då kraften från blodflödet drar loss dem, vilket försvårar 
detektionen av sjukdomsdrabbade områden. 

Ultraljud är den avbildningsteknik som används mest inom sjukvården idag. Tekniken är 
lättillgänglig, billig, helt ofarlig och bilderna visas direkt på skärmen istället för att man 
skapar dem i efterhand som man gör med de flesta andra avbildningstekniker. Ska 
molekylär avbildning bli en del i rutinundersökningarna i framtidens sjukvård bör 
ultraljud vara med som en av standard-avbildningsteknikerna inom området.   

För att kunna komma runt problemen med kontrastmedelsbubblorna är nya 
ultraljudstekniker under utveckling. Denna avhandling behandlar en sådan ny 
ultraljudsmetod; magnetomotorisk ultraljudsavbildning. Då det här doktorandarbetet 
påbörjades hade tekniken mer eller mindre precis presenterats och teknikens möjligheter 
var outforskade. Istället för att använda sig av mikrobubblor används magnetiska järnoxid-
nanopartiklar som kontrastmedel i magnetomotorisk ultraljudsavbildning. Samma typ av 
nanopartiklar används idag som MRI-kontrastmedel och partiklarna är lagom stora för att 
kunna användas för molekylär avbildning. Dock är partiklarna för små för att avbildas 
med ultraljud, men genom att förflytta dem med ett magnetfält skapar man en rörelse i 
partiklarnas omgivning som går att detektera med ultraljud. En matematisk metod, en 
algoritm, som kan filtrera ut denna rörelse och undertrycka andra rörelsestörningar har 
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utvecklas och algoritmen kan visa var partiklarna finns i form av färg i den i övrigt svartvita 
ultraljudsbilden. 

Den magnetomotoriska tekniken och den utvecklade algoritmen undersöktes först 
grundligt i ett plastmaterial som har samma materialegenskaper som mänsklig vävnad (så 
kallade fantomstudier). Detta gjordes för att se hur rörelsen från de magnetiska järnoxid-
nanopartiklarna betedde sig då olika parametrar, så som styrkan på magnetfältet och dess 
frekvens, ändrades. För att få ännu bättre förståelse för vad som påverkade rörelsen 
byggdes en modell av den experimentella uppställningen i ett datorprogram. Därefter 
jämfördes resultaten från datamodellen med resultaten från den experimentella modellen.   

För att utforska möjligheten att kunna använda den nya ultraljudstekniken i sjukvården 
så undersöktes sedan om järnoxid-nanopartiklar i lymfnoder, eller mer specifikt i 
portvaktkörteln, gick att detektera i råttor. Lymfnoder är en del av lymfsystemet som har 
till uppgift att dränera överflödig vätska, lymfa, från kroppens vävnader och att föra den 
tillbaka till blodsystemet. Lymfnoderna sitter i grupper längs med lymfkärlsnätverket i 
vilket lymfan färdas och de har till uppgift att filtrera lymfan från mikroorganismer och 
andra små partiklar. Portvaktskörtlen är den första lymfnoden som dränerar tumörer hos 
cancerformer som sprids via lymfsystemet, exempelvis bröstcancer och malignt melanom 
(hudcancer). Om cancern har spridit sig är sannolikheten över 99 % att det finns 
cancerceller i portvaktskörtlen. Därför är det viktigt att hitta denna och undersöka den. 

Djuren i studierna i den här avhandlingen var råttor som injicerades med nanopartiklar i 
ena baktassen. Lymfnoden i knäet som dränerade injektionsstället, filtrerade ut 
nanopartiklarna från lymfan så att de samlades upp i lymfnoden. Därefter undersöktes 
djuren med magnetomotoriskt ultraljud. 

Resultaten från både fantomstudierna och djurstudierna har sett mycket lovande ut. Även 
om rörelsestörningarna från t.ex. hjärtslag och andning hos djuren har varit mer än 150 
gånger större än nanopartikelrörelsen så har algoritmen klarat av att filtrera ut denna och 
tydligt kunnat visa vart partiklarna har befunnit sig. 

I studierna som ingått i den här avhandlingen har inte några antikroppar eller andra 
molekyler som kan binda in till sjukdomsdrabbade områden använts, utan det är 
teknikens kapacitet som har testats. Genom att koppla inbindningsmolekyler till järnoxid-
nanopartiklarna skulle en ny dimension av möjligheter och tillämpningar kunna öppnas 
upp i morgondagens vård.  
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SUMMARY 

 

The earlier abnormalities coupled with disease can be discovered in the body, the larger is 
the chance to survive the disease. Molecular imaging is a new research field, which aims 
to detect these abnormalities at a molecular level, when the chance of survival is still high. 
The main idea of molecular imaging is to use target specific contrast agents that 
accumulate at the diseased region at a concentration detectable with the imaging modality 
used. Nanoparticles have shown to be very suitable as molecular imaging contrast agents 
due to their small size, which enable them to cross biological barriers and to bind to the 
biological entity of interest.      

Ultrasound is the most widely used imaging technique in health care today. It is cost 
effective, safe and provide real-time images with high temporal resolution. The 
development in the molecular imaging field has not been as strong for ultrasound as for 
other imaging modalities, since ultrasound contrast agents consist of micrometer-sized 
bubbles, which are confined to the vascular system. To image nanoparticles with 
conventional ultrasound is not possible as the small size of the particles make them unable 
to backscatter ultrasound at a detectable level. To overcome this limitation, new 
ultrasound imaging approaches have been developed which indirectly image 
nanoparticles. In this thesis the potential of one such imaging technique; magnetomotive 
ultrasound imaging (MMUS), has been examined. The principle of MMUS is to displace 
magnetic nanoparticles by applying a time-varying magnetic field. As the particles start to 
move, their surrounding will move as well. Ultrasound is then used to detect the induced 
tissue motion. 

When this doctorial work begun, only a few MMUS studies had been presented. The aim 
with this thesis was set to evaluate the potential of MMUS concept and investigate its 
potential of in vivo use.  

In the first study in this thesis (paper I), a frequency and phase tracking MMUS algorithm 
was developed. The algorithm is able to filter out the nanoparticle-induced movement 
and suppress other artifactual movements in the ultrasound images. The nanoparticle 
movement is then superimposed as a color code on the grayscale B-mode ultrasound 
images to visualize the nanoparticle location.  

To evaluate the potential of the developed algorithm, phantom studies were performed 
(paper I, II and IV).  Polyvinyl alcohol (PVA), a plastic material with similar mechanical 
material properties as tissue, was used as phantom material. Different parameters such as 
the nanoparticle concentration and the frequency of the applied magnetic field were 
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altered in the phantom studies in order to examine their impact on the magnetomotive 
displacement. To obtain an even better understanding of the magnetomotive 
displacement, data simulations were performed. Models of experimental setups were 
created and the experimental findings were compared with the simulation results (paper 
II and IV) and a good agreement was found. 

Moreover, to evaluate the potential of MMUS to be used in health care, animal studies 
have been performed (paper III, V and VI). In this thesis the MMUS technique was 
evaluated in a clinical relevant model, where SPION-laden sentinel lymph nodes (SLNs) 
in rats were imaged. In this model, MMUS was thought to serve as a complementary 
imaging modality to standard methods, to add high-resolution bedside surgical guidance 
during SLN surgery in breast cancer or malignant melanoma patients. In order to test the 
model in a clinical scenario, prestaging of the SPION-laden SLNs was done with MRI or 
PET (paper III and VI, respectively), after which MMUS imaging was performed. 

The results both from the phantom and the animal studies have shown to be very 
promising. Displacement in the sub-micrometer range has been detected in all studies. 
Although displacement artifacts have been more than two orders of magnitudes larger 
than the MMUS signal, the algorithm has been able to successfully pinpoint the location 
of the SPION-laden regions (e.g. paper III and V). This indicates that the MMUS 
technique has potential for future clinical use. 
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AIM 

 

The overall aim of this thesis was to investigate the concept of MMUS and whether it 
could be used for in vivo imaging. More specifically to: 

- Develop a MMUS algorithm capable to pinpoint regions containing superparamagnetic 
iron oxide nanoparticles and suppress unwanted motion artifacts  

- Evaluate how various parameters, such as frequency of the magnetic field and SPION 
concentration, affect the magnetomotive nanoparticle displacement 

- Verify experimental findings in simulations 

- Evaluate the feasibility to use MMUS in vivo 

- Evaluate the potential for using SPIONs in multimodal imaging including MMUS in a 
clinically relevant scenario  
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1. BACKGROUND 

 

1.1 Molecular imaging 

Molecular imaging; the ability to visualize, quantify and characterize biological processes 
in vivo at a molecular and cellular level, is expected to change today’s health care. It is of 
great importance to detect abnormalities in an early stage of disease in order to give the 
right diagnosis and treatment and increase patient survival. Conventional imaging 
modalities mostly detect macroscopic changes in anatomy and physiology between normal 
and pathological tissue, e.g. morphology or blood flow and contractile function. Instead, 
molecular imaging aims to probe molecular abnormalities that are the basis of disease, 
rather than to image the end effects of these molecular changes [1, 2].  

Advances in genomics and molecular biology, have opened up the ability to identify 
suitable molecular entities that can be targeted to appropriately preparated contrast agents. 
Together with the progress of noninvasive, high-resolution in vivo imaging technology, 
molecular imaging has become a growing research field during the past two–three decades 
[3, 4].  

The key idea of molecular imaging is to use molecular probes to detect biological processes 
in vivo, without disturbing their function. The probes need some sort of ligand, e.g. an 
antibody, peptide or small molecule, which promotes accumulation of the probe at the 
target of interest, e.g. a tumor. Moreover, the probe needs a label system which allows it 
to be imaged with medical imaging techniques and which makes it possible to distinguish 
the diseased targeted tissue from the surrounding normal tissue [2, 5].  

Molecular imaging has been clinical reality for some time, e.g. by imaging targeted 
radionuclides with positron emission tomography (PET) [6]. While much of the 
technology remains on a proof-of-principle stage, the potential of molecular imaging is 
considerable [5]. Imaging the molecular changes which underlie disease may provide a 
much earlier detection of disease, potentially it may be possible to detect changes today 
defined as “prediseased state”, which most likely is the key of a better outcome for patients. 
Moreover, there may be potential to directly image the effect of therapy, facilitate 
development of new pharmaceuticals and provide individualized treatment [2, 4, 7]. 
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1.2 Medical imaging modalities  

To image molecular events in vivo, put some, often contradictory, demands on the 
imaging technique. Ideally, the imaging modality should: create a strong signal-to-
background ratio, have high spatial resolution, have low or no depth limitations, and have 
reasonable cost [2-4]. In this chapter, an overview of the most common medical imaging 
techniques is presented. Their fundamental imaging principles are described as well as 
their present capability to be used for molecular imaging. Since this dissertation deal with 
a novel ultrasound technique, more attention will be given to ultrasound imaging 

 

1.2.1 Computed tomography 

In computed tomography (CT), a low energy X-ray source and a detector, positioned at 
opposite sides of the patient along a straight line, are rotated around the patient. X-ray 
projections are obtained in different angles and thereafter reconstructions of 2D and 3D 
anatomical images are performed. 

 X-rays are attenuated differently in various tissues, which shows as contrast in the CT 
images. The attenuation is similar in different soft tissues such as blood, muscle and brain 
but for bone and air the attenuation differs more markedly. The contrast between soft 
tissues is thereby relatively low whereas air-tissue and bone-tissue interface provide 
excellent contrast.  

Modern CT scanners are very fast; a 3D cross section image can be created in matter of 
seconds. Additionally, resolution as good as 50-200 μm can be achieved and the imaging 
technique is considered to have no imaging depth limitation. Drawbacks with CT imaging 
are that the radiation is ionizing, expensive examination and low contrast between soft 
tissues, that often leads to requirement of an iodinated contrast agent. These contrast 
agents have the drawback that they tend to create allergic reactions. [1, 8].  

CT anatomical images are commonly used to complement functional molecular imaging 
images from nuclear imaging techniques [9-11], but CT is usually not used as a stand-
alone molecular imaging modality [1].  
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1.2.2 Optical imaging 

There are two major types of optical imaging techniques; bioluminescence and 
fluorescence.  

In bioluminescence imaging, visible light with a specific wavelength is emitted as a 
product of an enzymatic catalyzation (luciferase enzymes) in a living organism [12]. 

In fluorescence imaging instead, an external light source is used to excite fluorophores or 
fluorescent proteins, which in turn emit detectable light with a specific wavelength. 

The emitted light in both techniques is usually detected with a sensitive charge-coupled 
device (CCD) camera [1]. Optical imaging is very sensitive and quantitative, it is cost-
effective, rapid and easy to use. The main drawback with the technique is the limited 
penetration depth which is due to the absorption and scattering of light in tissue and 
blood as well as auto fluorescence in tissue [13]. The penetration depth is limited to a few 
millimeter/centimetre. Another drawback is a spatial resolution of several millimeters [5].  

Optical imaging has been widely used in animal in vivo studies. For example non-invasive 
studies, where tracking of tumor growth in animals and the efficacy of new therapeutic 
agents in individual animals, have been published. To improve the penetration depth, 
near infrared (NIR) fluorophores have been developed. These fluorophores emit light with 
a longer wavelength (700-900 nm) compared to other commonly used fluorophores e.g. 
green fluorescent protein (FGP) (wavelengths < 600 nm). Photons with a longer 
wavelength are less absorbed by blood and tissue and enables thereby a deeper penetration 
depth [13].   

 

1.2.3 MRI 

Magnetic resonance imaging (MRI) utilize the alignment of the protons of the hydrogen 
atoms in water inside a strong external magnetic field. Temporary radiofrequency pulses 
are used to force the protons’ spins to change their alignment in the field and emit 
detectable signal to the MRI scanner. After a radiofrequency pulse duration, the spins will 
return to their relaxed equilibrium state in the magnetic field. The contrast in the MR 
image is given either by how fast the protons spin out of phase (T2) or how much time is 
required for the protons to return to their equilibrium state in the magnetic field (T1). 
This information is used to generate highly tissue specific MR images. By applying a 
magnetic field gradient at the same time as radio frequency pulses are emitted, spatial 
information in the MR-image can be obtained. This can be done due to the change in 
spin resonance frequency along the magnetic field gradient. 
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MRI is a radiation free imaging modality producing soft-tissue images with very high 
diagnostic value [1, 8]. MRI benefit from high spatial resolution, around 1mm for a 1.5 
Tesla scanner [14]. Drawbacks with MRI are high examination costs, long examination 
time and a temporal resolution in the order of seconds [8]. The sensitivity of MRI is also 
low compared to nuclear and optical imaging methods [1]. 

MRI contrast agents can either be T1 or T2 weighted, creating bright or dark contrast in 
the MR images, respectively.  The most commonly used MRI contrast agents in the clinic 
are gadolinium chelates (T1) and superparamagnetic nanoparticles (SPIONs) (T2). One 
imaging application is to use SPIONs to highlight tumors in the liver. This can be 
achieved with the aid of varying SPION uptake in tumor tissue compared to non-diseased 
liver tissue. Many studies, where SPIONs coupled with ligand molecules that bind to 
specific targeting molecules, have been presented [15, 16]. For example, Chen et al. have 
showed imaging of SPIONs linked with a monoclonal antibody, binding only to tumor 
cells expressing a certain type of receptors. For tumor cells lacking the receptor, no uptake 
was observed in the T2-wieghted MR images [17]. 

 

1.2.4 Nuclear imaging 

Single-photon emission computed tomography (SPECT) and positron emission 
tomography (PET) both visualize physiological activity. Radioactive compounds are 
injected into the body and act as radiation sources. Mostly, the radioactive compound is 
linked to a specific physiologically relevant molecule which will accumulate at specific sites 
in the body, e.g. a tumor. It is desirable to use radionuclides with fast radioactive decay to 
reduce patient exposure. Since both imaging techniques lack anatomical information they 
are preferably used in combination with CT or MRI.  

 

SPECT 

In SPECT gamma emitters (99mTc, 81mKr) are generally used. A gamma camera is rotated 
around the patient and projection images of radioactive decays are collected in different 
angles and thereafter reconstructed to 2D/3D tomographic emission images. To 
determine the origin of the decays, a lead collimator is used. The collimator limits 
detection of photons, only to be detected when traveling perpendicular towards the 
camera sensor. Off-angle photons are attenuated by the collimator. In the camera the γ–
photons interact with a scintillation crystal and visible light is formed. The light hits a 
photomultiplier tube which generates an electrical signal that can be detected. 
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PET 

The radionuclides in positron emission tomography (PET) are positron (β+) emitters 
(e.g.18F, 15O). After the decay event, the positron travels a very short distance before 
positron annihilation. Two γ-photons with energy of 511 keV are emitted and travel 
exactly in opposite directions. The PET camera consist of a stationary detector ring and 
only almost simultaneous detection of two γ–photons, on opposite sides of the detector 
ring, is registered as a valid signal, whereas a single detection is rejected as noise. The line 
between the two detectors that registered the photons, serve as the direction of the 
projection. The signal-to-noise ratio is thus dramatically better for PET than SPECT. The 
conversion of γ-photons to a detectable signal is performed in the same way as for SPECT 
[8]. 

SPECT and PET have been the main molecular imaging modalities and have the 
advantage of being very sensitive and provide whole body imaging. However, both 
techniques suffer from a significant lower resolution than MRI and CT (approximately 1 
cm), ionizing radiation from radioactive labels and high examination costs [2, 8].  

PET imaging of the radionuclide fluorine 18 fluorodeoxyglucose (FDG) is the molecular 
imaging approach, most commonly used in the clinic today. FDG PET is especially used 
for cancer staging and restaging [18]. Due to the increased metabolism in tumors, a lager 
uptake of glucose molecules can be seen in tumor cells. When transported into the cell, 
the glucose molecule becomes trapped in its phosphorylated form. Imaging is then 
performed after 30-60 minutes. Nearly all tumors show a significant increase in FDG 
metabolism and their location in the body can thereby be revealed in the PET images. 
The imaging approach draws on passive targeting, i.e. no antibody or other molecule 
enabling specific binding to the cancer cells, is attached to the radionuclide. Only the 
increased metabolism of the cells is responsible for the increased FDG accumulation. 
Thus, false-positive results in benign lesions with increased glucose metabolism may occur 
[19]. 

 

1.2.5 Ultrasound 

Ultrasound is a mechanical wave with a frequency above 20 kHz, inaudible for the human 
ear. In diagnostic imaging, frequencies between 2-15 MHz are most commonly used. To 
generate an ultrasound image, a short pulse of ultrasound is transmitted into tissue by an 
ultrasound transducer, positioned in contact with the skin. At boundaries between 
different tissues, parts of the energy will be reflected back to the transducer whereas the 
remainder will be transmitted further into the tissue media. The amplitude of the reflected 
pulse is determined by the difference in acoustic impedance between two media i.e. 
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difference in density and compressibility. If the difference in acoustic impedance is small, 
as it is for soft tissue, most of the wave will be transmitted further into the next medium. 
Between media with a large difference in acoustic impedance, such as soft tissue/bone and 
especially soft tissue/air, there will be a large or nearly total reflection of the ultrasound 
pulse. This limits the penetration depth of the pulse and thereby also the imaging depth.   

The speed of sound in human tissues is usually approximated to 1540m/s. By measuring 
the time from transmit to receive of an ultrasound pulse, the location of the reflecting 
echo can be determined by multiplying the sound speed with the time and divide by two. 
This, so called pulse-echo technique, is used when generating an ultrasound image.  

The transducer, transmitting the ultrasound pulse, consist of an array of piezoelectric 
micrometer sized elements, usually hundreds. When applying an electrical voltage, these 
elements will expand or contract (depending on if the electrical voltage is positive or 
negative) and thus, produce a mechanical pressure wave. Conversely, an electrical voltage 
is produced when the piezo elements are compressed or stretched by an external force, in 
this case the returning ultrasound wave. The ultrasound raw data is called radio-frequency 
(RF) data and is derived from reflected oscillating ultrasound waves on the transducer 
interface. By mixing the RF-data with a complex sinusoid signal and thereafter down 
sampling it, in-phase quadrature (IQ) data is obtained. The advantage is that the amount 
of data is reduced while information is preserved. In this thesis, IQ-data is used in the 
signal processing.   

2D ultrasound images, called B-mode images, are created line-by-line. For each line, a 
number of piezo elements (a subset of the array) are electrically excited and the transmitted 
pulses combine to an ultrasound wavefront. By applying electrical time delays on the 
elements, the ultrasound wavefront can be focused and/or steered. The amplitude of the 
received echoes is converted into gray scale, where an echo with larger amplitude is 
represented as brighter than an echo with a smaller amplitude. Once all echoes have been 
received from one scanning line, a new group of elements transmit a new ultrasound pulse, 
producing the next line in the B-mode ultrasound image.  

Within most biological tissues there are small scale variations in acoustic properties. When 
these small anatomical irregularities are in the same range or smaller than the ultrasound 
wavelength, the ultrasound pulse will be scattered over a large range of angles. The 
scattered waves will interfere with each other, either constructively or destructively, and 
lead to random fluctuations in brightness in the B-mode image, called speckle. 

Doppler ultrasound is commonly used to measure blood velocity. When a reflecting object 
is moving relatively a transmitting ultrasound source, there will be a change in observed 
frequency of the sound wave compared to the transmitted frequency. The difference 
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between the transmitted (ft) and received (fr) frequency, is known as the Doppler 
frequency (fD). The relation can be described by the Doppler equation: 

 (1) 

Where v is the velocity of the blood, c is the speed of the ultrasound in tissue and θ is the 
angle between the ultrasound beam and the direction of the blood flow.  

There are two main classes of Doppler techniques, continuous-wave (CW) and pulsed 
wave (PW). CW systems transmit and receive ultrasound continuously and the 
transmitter and receiver must be separate. The blood velocity can be determined using 
Eq. (1). In PW systems, short consecutive pulses are transmitted. As the target moves, 
there will be a difference in phase between the received pulses from a specific depth, which 
is used to determine the velocity of the moving object. The region, from which the 
Doppler signals are obtained, is with CW Doppler determined by the fixed region where 
the transmit and receive ultrasound beam overlap. For PW Doppler, the depth is 
controlled by the operator. When using PW Doppler, aliasing of high blood velocities can 
occur when the number of transmitted ultrasound pulses per time unit (pulse repetition 
frequency, prf) is too low to reconstruct all Doppler frequencies of the moving blood. In 
CW systems, there will be no aliasing.  

Color Doppler and Power Doppler are two types of Doppler that are commonly use in 
health care. Both these Doppler methods give a representation of movement as a color 
code, superimposed on the B-mode image. Color Doppler, color code 
frequencies/velocities of the Doppler signal, whereas power Doppler instead color code 
the energy of the Doppler signal rather than velocity. Both color Doppler and power 
Doppler use pulsed waves, formatting images [20]. 

Ultrasound is the most widely used imaging tool for clinical practice due to its low cost, 
availability, temporal resolution, safety and lack of ionizing radiation [1, 21]. Ultrasound 
images show good soft tissue contrast but as bone and air reflects the ultrasound strongly, 
some parts of the body are inaccessible. The effective imaging depth is limited to 
approximately 10 cm in most organs [8, 22].  

 

1.2.6 Ultrasound contrast agents 

Commercially available ultrasonic contrast agents 

Commercially available ultrasound contrast agents are encapsulated gas filled 
microbubbles with an average size range of 2-6 μm, which are intravenously injected into 
the bloodstream [20]. High-molecular-weight gases, such as sulphurhexafloride or 
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perfluorocarbon, are used as filling gas and to stabilize the bubble. The gas is encapsulated 
in a biocompatible shell consisting of e.g. simple phospholipid micelles, biocompatible 
polymers or albumin. The large difference in acoustic impedance between the 
microbubbles and their surrounding results in increased backscattering of the ultrasound 
waves, and hence, an increased magnitude of the received echo. Moreover, bubbles can be 
seen as a mechanically resonant system, and thereby possessing a resonant frequency. 
When a microbubble is insonated with ultrasound, the bubble is forced to oscillate. If the 
ultrasound wave is at the microbubble resonant frequency, the bubble will oscillate at its 
maximum degree enabling the scattering cross section to become two to three orders of 
magnitudes larger than the geometrical cross section of the bubble. This is exploited so 
that bubbles are designed to have a resonant frequency in the range for diagnostic 
ultrasound. By a fortunate coincidence, bubbles then end up with sizes that are small 
enough to pass the capillary bed in the pulmonary circulation, enabling intravenous 
injection. In addition to the increased scattering cross section due to resonance, several 
detection schemes that exploit non-linear phenomena, add to the detectability of 
microbubbles [23].   

 

Molecular imaging ultrasound contrast agents 

Due to the relatively large size of the microbubbles, they are confined to the intravascular 
system [7, 24]. Hence, ultrasound molecular imaging has been engineered to target disease 
on intravascular endothelial cells such as angiogenesis, inflammation and thrombus 
formation [25]. Targeting could either be non-specific or specific. Non-specific targeting 
can be achieved by modifying the contrast agent shell in order to increase the affinity to 
specific disease molecules. For example, both albumin and lipid-shelled bubbles can attach 
to microvasculature endothelium adherent leucocytes, which have been activated by 
inflammation. In specific targeting, ligand molecules e.g. antibodies or peptides, are 
conjugated to the microbubble shell. These ligand molecules then bind specifically to one 
target only [26, 27]. The number of bonds and the bond strength between the ligand 
molecule and its target are important since large shear stresses from the vascular flow are 
acting on the targeted bubbles, tending to drag them away [7]. 

To enter the extravascular space, new types of submicrometer sized ultrasound contrast 
agents for molecular imaging such as liposomes [28] and perfluorocarbons droplets [29] 
have been developed. Some of these particles are small enough to migrate through injured 
or leaky vasculature where the permeability is abnormally high [7]. However, because of 
their small size, these submicrometer contrast agents produce a much weaker echo than 
gaseous microbubbles [29]. 
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1.3 Multimodal imaging 

As described above, all imaging modalities possess both advantages and limitations. To 
enable accurate visualization of molecular events places great demands on an imaging 
technique, and one imaging modality alone may not be capable to shoulder this task.  One 
method to solve the problem is to combine two or more imaging modalities and in that 
way utilize their respective advantages and overcome their limitations, so called 
multimodal imaging [30, 31]. Today PET/CT and PET/MR systems are available for 
human use. These system combines high resolution anatomical CT or MRI images with 
excellent metabolic and molecular information from PET [32]. In animal studies many 
multimodal combinations have been presented, such as MR/optical [33, 34] where the 
optical technique provides high sensitivity images, PET/US where ultrasound images 
complements with morphological information to the PET images [35] and 
CT/PET/optical where the optical technique was thought to act as bedside guidance for 
the surgeon during surgery [36]. In Fig. 1 below is a schematic sketch over a multimodal 
SPION contrast agent.  

 

Figure 1. A schematic illustration of an example of a multimodal and multifunctional 
superparamagnetic iron oxide nanoparticle. By labeling the nanoparticle with different type of 
markers, e.g. fluorophores or radionuclides, visualization can be performed with more than one 
imaging modality, allowing simultaneous functional and anatomical imaging. Moreover, target 
specific molecules such as antibodies and peptides can be bound to the particle surface to enable 
specific binding of a target of interest. 

 

1.4 Nanoparticles as contrast agents 

The growing interest in molecular imaging as well as multimodal imaging has led to an 
increasing development of new imaging probes/contrast agents. Several key criteria must 
generally be fulfilled for the imaging probe to enable molecular imaging in vivo. The probe 
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should; have high specificity and binding efficacy to the target of interest, be non-toxic, 
generate high signal-to-background ratio, be biocompatible, possess circulation times long 
enough to enable accumulation at the target site at an adequate concentration  and it 
should be able to overcome biologic barriers (vascular, interstitial, cell membrane) [2-4, 
15].  

In recent years there has been a significant increase in development of nanoparticles as 
contrast agents for molecular imaging. The small size of nanoparticles allow them to 
overcome biological barriers in the body and make them proper for binding to a biological 
entity of interest [5, 15, 37]. The nanoparticles’ large surface-to-volume ratio, allow a large 
number of potential sites for targeting molecules. For example, a protein can have around 
ten sites of modification before loss of biological functionality whereas a nanoparticle 
similar in size can have in excess of 1500 [5]. Due to the large number of potential 
targeting sites, more than one type of molecule can be conjugated to the nanoparticle 
surface, making the nanoparticle multifunctional, enabling e.g. both specific binding, 
contrast enhancement and therapy. The functionality of nanoparticles make them also 
suitable to be used as multimodal contrast agents [5, 15, 38]. 

The size, the shape and the surface chemistry of the nanoparticles are three important 
parameters strongly affecting the particles’ behavior in biological systems [39, 40]. To 
ensure the highest possible delivery efficiency of the probes, it is of great importance to 
understand how these parameters affect the biological interactions and functions. In the 
occasion of intravenous nanoparticle injection, a long circulation time is often desirable 
to enable nanoparticle accumulation of adequate concentrations at the desired target site 
e.g. inside tumor tissue. In the bloodstream, serum proteins will bind to the nanoparticles’ 
surface and enhance their recognition by the immune surveillance system. The particles 
will then be removed from the bloodstream by phagocytic cells in the reticuloendothelial 
system (RES) inside the liver and spleen. A charged nanoparticle will be removed faster 
from the bloodstream than a neutral.  

In case of target specific particles, this removal is a large problem since the circulation time 
may not be enough for the particles to encounter the desired target. To avoid rapid 
clearance of the nanoparticles, polyethylene glycol (PEG) can be added to the nanoparticle 
surface. Also other coating molecules, such as polysaccharide dextran, have shown to 
prolong the circulation time. However, regardless of coating material, the 
reticuloendothelial system still remains the site of greatest nanoparticle accumulation. 
Depending on the situation, this may not always be a disadvantage. Many studies profiteer 
from this to image the liver or macrophages associated with disease such as cancer, 
inflammation or cardiovascular disease [5, 40].  
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The nanoparticle size has shown to be important for cellular uptake. For intravenously 
administrated nanoparticles, particles with a dimeter smaller than 6 nm will quickly be 
cleared from the body due to excretion by the kidneys [40], whereas particles exceeding 
1000 nm will rapidly be eliminated by the reticuloendothelial system [41]. In the case of 
tumor imaging, a particle diameter of 30 - 200 nm is desirable to enable a long circulation 
time and to give the particles a chance to pass through the leaky vasculature around a 
tumor and penetrate into tumor tissue. Moreover, it has been found that particles larger 
than 100 nm do not extravasate far beyond the blood vessels, as they will be trapped in 
the extracellular matrix between cells. As the particles decrease in size, a larger amount of 
nanoparticles can be found in a tumor, but as a consequence the particles will be retained 
for a shorter time [40]. In subcutaneous injections, intended for lymphatic uptake, the 
ideal size of a particle is between 10 and 100 nm. A smaller particle will leak directly into 
the bloodstream while a larger particle will remain at the site of injection [42].  

The shape also affects the cellular uptake of nanoparticles. Studies have shown that an 
increased uptake of rod-shaped particles compared to spheres was found when the size of 
the particles exceeded 100 nm, whereas for particles less than 100 nm the relationship was 
the reverse. Moreover, rods-shaped micelles have shown to have a ten time longer 
circulation time than spherical micelles [40].   

Some nanoparticles have shown to be cytotoxic to human cells, causing oxidative stress or 
elicit immune response. The toxicity could either be caused by the particles themselves or 
by individual components of the particles as they are degraded. It is thereby of great 
importance to evaluate the particles’ possible toxicity in parallel to their potential [5]. 

 
1.4.1 Superparamagnetic iron oxide nanoparticles (SPIONs) 

Metal-based nanoparticles are being extensively used as imaging contrast agents [43]. One 
commonly metal nanoparticle used, is the superparamagnetic iron oxide nanoparticle 
(SPION). These particles have been approved as MRI contrast agents for two decades [38, 
44] and are e.g. used to image liver tumors and metastases in the clinic [15]. The particles 
are considered to be non-toxic [45, 46] and have been frequently used in molecular 
imaging studies [42, 46-49].  

Iron oxide is a ferromagnetic material but when the core size of a ferromagnetic particle 
becomes smaller than a characteristic magnetic domain for that specific material (generally 
of the order tens of nanometers), the particle will contain a single magnetic domain only 
and behave as a paramagnetic material. The particles will then attract toward regions of 
stronger field strength and no hysteretic behavior will be noticeable i.e. no remanent 
magnetization will be present when the magnetic field is removed. Only thermal energy 
is needed to allow the particles to freely reorient their spins, making the net magnetic flux 
of the particles zero. This makes the particles more colloidal and physiologically stable, 
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e.g. occlusion of particles in vessels may be prevented since no accumulation due to 
remanent magnetization will occur. When the size of the nanoparticle cores becomes 
larger, the thermal energy will not be enough to reorient the spins of the particles, thereby 
the particles will start to exhibit ferromagnetic properties [38, 50, 51].  

Since iron oxide cores are not colloidally stable in an aqueous solution, a coating of a 
biocompatible material, such as PEG or lauric acid, is needed to enable in vivo use [42, 
51].  

 

1.5 Magnetomotive ultrasound imaging 

The scatting cross section of an insonated particle is proportional to the sixth power of 
the radius of the particle [52]. This makes it virtually impossible for nanoparticles to 
backscatter ultrasound at a detectable level. To overcome this limitation new ultrasound 
imaging techniques, which indirectly employ nanoparticles as contrast agents, have been 
developed. One such technique is photoacoustic imaging, where nanoparticles with a well-
characterized absorption spectrum, absorb pulsed laser light. The absorbed laser energy 
creates a small temperature increase and in turn, upon the thermoelastic expansion that 
follows, an acoustic wave, detectable with an ultrasound [53].  
Another such imaging technique is magnetomotive ultrasound (MMUS) imaging that was 
first demonstrated by Oh et al. in 2006 [44]. The technique is built on the same key 
principle as magnetomotive optical coherence tomography, which Oldenburg et al. 
presented in 2005 [54]. In MMUS a time-varying magnetic field is used to create a 
movement of magnetic particles deposited in a surrounding material. As the particles start 
to move, their closest surrounding will move as well and this movement can be detected 
with ultrasound.  

The magnetomotive force,	 , acting on a nanoparticle in a magnetic field, B	(magnetic 
flux density),	may be written as: 

∙   (2) 

where m is the dipole moment of the particle. 
If the magnetization, M, is uniform over the object, as can be assumed for a nanoparticle, 

 where V is the volume of the magnetic portion of the nanoparticle. V can be 
rewritten as ∗ , where Vnp is the total size of a nanoparticle and fm is a 
dimensionless factor, representing the volumetric ratio of magnetic material in a 
nanoparticle.   The magnetization can be written as , where H is the magnetic 
field strength and χ	 is the difference in susceptibility between the nanoparticle core 
material, χnp, and the susceptibility of the surrounding material,	χsur (in other words  

). Since the surrounding material in the context of this thesis can be 
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considered weakly diamagnetic,  ≫ | | and consequently	 . By 
assuming that the magnetic field, B, does not change significantly over nanoparticle due 
to its small size, H can be defined as , where, μ0 is the permeability of free space 
(4π*10-7 N/A2). The magnetic dipole can then be expressed as: 

 (3) 

The magnetic force acting on the nanoparticle due to the magnetic field can then be 
expressed as:   

∙  (4) 

Since the magnetic field is applied along the z-axis Eq. (4) can be simplified:  

∙  (5) 

As ∙ ∙ , Eq. (5) can be rewritten as: 

 (6) 

A time-varying sinusoidal magnetic field has been as applied as excitation field 

, sin 2  (7) 

where fmod	 is the modulation frequency on the applied magnetic field, r is the spatial 
position of the nanoparticle and t is time.  

The magnetic force acting on the nanoparticles, the magnetomotive force, becomes: 

sin 2

1 cos 4    (8) 

From Eq. (8) it can be seen that the amplitude of the force is proportional to the magnetic 
flux density (B) times its gradient. The force can be increased by increasing the magnetic 
field, the susceptibility of the particles or the particle core size (to the extent that the 
nanoparticle still keeps superparamagnetic properties) and also by changing the magnetic 
field distribution. Moreover, Eq. (8) also shows that the frequency of the magnetic force 
acting on the particles will be twice the applied magnetic field frequency. That is, the 
particles will vibrate with twice the magnetic field modulation frequency, as long as 
sinusoidal magnetic field  with no offset is used [55-57].  
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From Eq. (8), which gives the magnetic force acting on a nanoparticle, it follows that the 
total force acting on the particle in a surrounding material can be written as: 

1 cos 4  (9) 

where –kz(t) is an elastic restoring force of the medium and  is a viscous drag force 
[44]. 
 
     
1.5.1 Other contributions to the MMUS research field 

In the first proof-of-concept MMUS study, Oh et al. [44] demonstrated the technique in 
murine livers ex vivo. Mice were intravenously injected with SPIONs and the particles 
were taken up by macrophages in the liver. After two days, the livers were removed from 
the animals and imaged with MMUS. A sinusoidal magnetic field was used to create a 
MMUS movement and simultaneously imaging with standard M-mode and Doppler 
techniques were performed. In 2007 Mehrmohammadi et al., from the same research 
group, used a single-element transducer (25 MHz) to image tissue-mimicking PVA 
phantoms with inclusions containing different concentration of nanoparticles [46]. The 
phantoms were positioned in a water cuvette, which was mechanically moved in 
micrometer steps in order to obtain a cross sectional ultrasound image. Using a cross-
correlation algorithm when post-processing the RF-data, MMUS images were obtained. 
Also, SPION-laden macrophages mixed in a gelatine solution were imaged with M-mode 
and Doppler techniques, in this study. Next, the group developed a magnetomotive 
system generating a pulsed magnetic field. The setup was evaluated in PVA-phantoms  
and also in a mouse kidney which was removed from the animal and then injected with a 
gelatine solution containing SPIO-laden macrophages [48]. A single-element transducer 
was used together with a cross-correlation algorithm to construct the ultrasound data. 
Mehrmohammadi et al. then focused on increasing the pulsed magnetomotive signal. In 
phantom studies they showed that clusters of SPIONs induced a larger magnetomotive 
displacement than the same amount of SPIONs not arranged in clusters [50]. Later they 
also showed that the same behavior occurred in cells, by comparing MMUS displacement 
from macrophages containing SPION aggregates with a solution of macrophages mixed 
with free SPIONs [58]. In 2013 the group published the first in vivo pulsed MMUS study 
[59]. High susceptibility zinc-doped SPIONs were injected intratumorally in three nude 
mice bearing xenograft tumors. A permanent magnet was placed close to the tumor for 
two hours to increase the concentration of nanoparticles. Thereafter the tumors were 
imaged with pulsed MMUS using a linear array transducer, in contrast to the single-
element transducer used in their previous studies. In order to obtain a higher framerate, 
the transducer was unfocused in transmit. MMUS displacement was calculated from the 
B-mode data.  
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In 2013, Pope et al. imaged SPION-laden platelets in agar phantoms analyzing RF-data 
with a frequency- and phase-locked MMUS algorithm. In this study, the solenoids 
creating the magnetic field, were positioned at the same side on the sample as the 
ultrasound transducer. This was made for the first time in a MMUS study and is of large 
importance in potential clinical translation of the MMUS technique [60].  

Ultrafast plane wave pulsed MMUS imaging was introduced in SPION-laden gelatin 
phantoms by Ting et al in 2014 [61]. The relation between three phantoms with different 
elasticities and their dynamic response after MMUS excitation pulses was investigated. 
Later in 2015, Huang et al [62] from the same research group presented an in vivo study 
where presence of SPIONs was shown in rat SLNs.  

In 2015, Fink et al. presented a MMUS algorithm, enabling imaging of SPIONs in weak 
echogenic tissue by using the variation of magnitude of the RF-data. The algorithm was 
evaluated in phantom studies but aiming to visualize the concentration of accumulated 
nanoparticles in magnetic drug targeting. The research group have also evaluated other 
MMUS algorithms, using both RF-data and B-mode images [51, 63].  

Mariappan et al. demonstrated in the end of 2015 magneto acoustic tomography, where 
MMUS was used to create tomographic images. Tumors injected with SPIONs, were 
imaged by rotating an ultrasound transducer 180® and taking MMUS images every second 
degree. Four different cross sections per tumor were obtained to investigate the 
nanoparticle distribution [45].  

Thiago et al. have recently presented a new elastography method called Shear wave 
dispersion MMUS. The magnetomotive force was used to induce shear waves within 
SPION-laden gelatin phantoms, and the mechanical properties of the phantoms with 
different gelatin concentration were estimated. To evaluate the results, Shear wave 
dispersion MMUS was compared with transient elastography and the elasticity and 
viscosity were in good agreement [64]. The research group has also used the MMUS 
technique to image micrometer sized particles. In 2012 Pavan et al. imaged 
magnetomotive induced shear waves using micrometer sized ferrite particles [65]. Bruno 
et al. developed in 2014 a hybrid transducer, where an AC biosusceptometer was 
combined with an ultrasound transducer. Displacement of ferrite particles dispersed in 
yoghurt was examined with the two techniques when a sinusoidal magnetic field was 
generated by the AC biosusceptometer [66]. Later the hybrid transducer was used to image 
initial stomach emptying in rats, which had been injected with ferrite-yoghurt solution in 
their stomach. 3D-images were also created by moving the transducer in 1mm steps in 
the craniocaudal direction [67].     
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Furthermore, MMUS has been combined with photoacoustic imaging; Magnetomotive 
photoacoustic imaging [68, 69]. Dual contrast agents are used to enable visualisation with 
both imaging techniques e.g. nanoparticles with magnetic core surrounded by a gold 
nanoshell. The MMUS and photoacoustic signals are combined and the photoacoustic 
signals generated from the background material can be suppressed as well as an improved 
nanoparticle distribution map may be obtained. 

 

1.6 Cancer 

Cancer is one of the leading causes of morbidity and mortality world-wide, with 
approximately 14 million new cases in 2012. Around 8.2 million of those ends with fatal 
outcome, which corresponds to approximately 13 % of all deaths.  During the next two 
decades, the number of annual cancer cases, are expected to increase from 14 million in 
2012 to 22 million. Key factors for patient survival are early detection, accurate diagnosis, 
and effective treatment [70]. Conventional biomedical imaging techniques detect 
cancerous tumors at a size of approximately one centimeter in diameter, the tumor then 
consist of around 109 cancer cells. A mile stone would be to detect the tumor before 
angiogenesis takes place, when the tumor leaves the state of diffusion limited nutrition. 
The number of cancer cells are then approximately 105  [22]. Molecular imaging is 
expected to play a central role in this transformation since physiological information, 
specific for each patient, may be combined with the anatomical information from 
conventional imaging modalities used in health care today [71]. The use of nanoparticles 
may likely be needed in order to enable the contrast agents to cross the biological barriers 
in the body [15]. 

In order to evaluate the potential of in vivo use for magnetomotive ultrasound and the 
developed algorithm, imaging of SPION-laden sentinel lymph nodes (SLN) was chosen 
as a clinical relevant model in this doctoral thesis. The sentinel lymph node is the first 
lymph node draining the primary tumor in cancer types which spread through the 
lymphatic system, such as breast cancer and malignant melanoma [72]. Breast cancer is 
the most common cause of cancer deaths among women, yearly killing 500 000 women 
[70] and the incidence of malignant melanoma is steadily growing and has doubled in the 
past 20 years [73]. In case of malignant cancer dissemination, the SLN is the first place 
cancer cells will anchor to a certainty of more than 99.9 %.  

The last two decades sentinel lymph node biopsy has developed to be the standard 
diagnostic procedure, staging breast and melanoma cancer. The technique helps to 
identify the SLN and examination of cancer cells is performed. In case of cancer 
infiltration, dissection of all lymph nodes in the draining nodal basin is performed. 
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The earlier surgical procedure was to remove all lymph nodes in the draining nodal basin 
and then, after surgery, look for cancer spread. SLN biopsy has shown to be as good as 
the old method [74]. Since most cancer patients do not have lymphatic metastases, and 
removal of the whole nodal basin may cause acute wound problems, chronic lymphedema, 
nerve injury anesthetic complications as well as large increase of health care cost, sentinel 
biopsy has become the gold standard technique [75]. In order to provide right diagnosis 
and treatment, it is of great importance to find the SLN. 

 

1.6.1 Lymphatic system and lymph nodes 

The lymphatic system transport the interstitial fluid, the lymph, back to the blood system. 
The lymph enter though the lymphatic capillaries and is propelled though the lymphatic 
vessels by contraction of smooth muscle cells in the inner walls of the vessels, together 
with external forces from skeletal muscle pump and respiration. Valves in the lymph 
vessels force the interstitial fluid in the vessels only to move in one direction. Lymph nodes 
are scattered along the lymphatic vessels. They are a part of the immune system and filter 
the lymph from microorganisms, cells and other particles. Each node consists of lymph 
filled sinuses and between the sinuses, large clusters of lymphocytes, called lymphatic 
nodules, are present. The lymph nodes also contain macrophages and dendritic cells, 
which together with the lymphocytes take care of the elements in the lymph, and if 
needed, activates an immune response [76]. 

 

1.6.2 Current clinical procedure of SLN surgery  

Today lymphoscintigraphy is the gold standard technique to localize the SLN in breast 
cancer and melanomas. Approximately 2-24 hours before surgery, 99mTc-labeled 
nanocolloids are injected into or around the tumor. Two to four hours prior to surgery, 
planar or tomographic images are obtained using a gamma camera to localize the SLN. 
Then intraoperatively, a handheld gamma probe is used to find the SLN [77, 78]. In most 
cases a blue dye is injected 5-20 minutes before surgery to visualize the SLN during surgery 
[78, 79]. When detected, the SLN is removed and examination of cancer infiltration is, 
during ongoing surgery, performed using histology [47]. If cancer cells are found, the 
remaining lymph nodes in the draining nodal basin are removed.  

As the nanocolloid and the blue dye may migrate to adjacent lymph nodes, it may be hard 
to identify the SLN. Additional lymph nodes, also being radioactive, are thereby removed, 
to make sure not to miss the SLN [75]. Another drawback with the current detection 
procedure is the lack of precise anatomical information in the pre-operative scintigraphic 
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images, leaving the detection of the SLN to be determined by the experience of the 
surgeon [47].  

 

1.6.3 Multimodal detection of sentinel lymph nodes 

As an alternative to the standard procedures, SPIO nanoparticles have been used as a 
multimodal contrast agent in the sentinel lymph node model used in this doctoral thesis. 
At most the SPIONs have been imaged with three modalities; MMUS, MRI and 
PET/CT. The first two imaging modalities use the magnetic properties of the SPIONs to 
create an image, whereas imaging with PET, was possible first after labelling the particles 
with a 68Ga-isotope. The suggested setup is to do pre-operative staging with high sensitive 
and quantitative PET together with high resolution anatomical MRI, then some days 
later, as beside guidance for the surgeon, MMUS will be used to visualize the SLN (see 
Fig. 2). Since the retention time of the SPIONs in the SLN is longer than the commercial 
contrast agents used today, together with the fact that the MMUS signal is only dependent 
on the concentration of the SPIONs, intraoperative SLN detection can be performed 
several days after nanoparticle administration, when the radioactivity has decayed. In 
addition, the blue dye currently in clinical use to guide the surgeon at SLN resection can 
be excluded and thus the risk of anaphylaxis associated with the dye [17]. Because of the 
relative fast uptake of SPIONs in the SLN, a radionuclide with a shorter half-life can be 
used. This will result in a lower absorbed dose to the patient and omit radiation exposure 
to the surgical staff. It would be optimal to improve the localization even further by 
labelling the SPIONs with tumor specific markers, but this need to be investigated in 
future studies.  

 

Figure 2. Suggested clinical workflow. 1) Injection of 68Ga –labeled SPIONs around/into the 
tumor. 2) Prestaging with PET/MR, localizing the SLN. 3) Bedside surgical guidance using 
MMUS imaging, visualizing the SLN.   
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2. METHODOLOGY 

 

2.1 Nanoparticles 

The superparamagnetic nanoparticles used in all papers were obtained from Genovis AB 
(or its subsidiary GeccoDots AB), Lund, Sweden.  The particles consisted of solid iron 
oxide cores of Fe3O4 (magnetite), coated with polyethylene glycol (PEG) to make the 
particles biocompatible and to prevent aggregation. The production protocol is described 
by Kjellman et al [42].  

The properties of the particles used in the different papers can be seen in Table 1 below. 
The sizes of the particles were measured either by Transmission Electron Microscope 
(TEM) or Dynamic Light Scattering (DLS). TEM measurements always return the core 
size of the particles, whereas with DLS, both the core size and the whole particle size, i.e. 
core plus coating can be obtained.     

In paper III, two sizes of particles were used in order to examine the difference in 
nanoparticle uptake in the SLN of the animals in the study.  

 
Paper Core size (nm) Total size, core 

plus coating (nm) 
Magnetic saturation 

(emu/g) 
I 18 ± 2 30 80 
II 18 ± 2  80 
III 11 31 or 67 80 
IV 18 ± 2  80 
V 10 ± 2 40 ± 2 80 
VI 10 ± 5 40 ± 5 80 

Table 1. Sizes of nanoparticles used in the thesis. 
 

2.2 Polyvinyl alcohol phantoms 

In paper I, II and IV, phantoms were used to evaluate the nanoparticle movement and 
our frequency and phase sensitive algorithm. Elasticity parameters, similar to human 
tissue, were obtained using polyvinyl alcohol (PVA). Crystalized PVA was dissolved in 
water using a Nüve FN300 oven (Nüve, Ankara, Turkey) to melt the crystals. The PVA 
solution was poured into phantom molds, which underwent two freeze/thaw cycles, to 
crosslink the polymer so that solidification of the PVA solution could occur. By adding 
nanoparticles in the PVA solution and employing the same solidification procedure, 
nanoparticle inserts were formed. Graphite was added in all phantoms to act as ultrasound 
scatterers. 
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2.3 Animals and animal model 

To evaluate the MMUS technique and the algorithm’s potential to be used in vivo, a 
clinically relevant sentinel lymph node model was employed in this thesis. The motivation 
was the idea to use MMUS as a bedside surgical guidance, to help the surgeon localize the 
SLN. In paper III, V and VI, animal studies were performed using such a model.  6-weeks-
old female Wister rats were injected with 100 µl nanoparticle solution in their right hind 
paw, and the popliteal lymph node in the animals’ right knee, the SLN in this model, was 
imaged with the MMUS setup. The electromagnet was placed under the animals’ knee 
and the ultrasound transducer was placed on the opposite side of the knee. To allow 
optimal contact with the transducer, the animals’ legs were shaved. During the 
measurements, the animals were anesthetized and kept warm on a heating bed, while their 
body temperature was controlled with a rectal probe.  All studies were performed in 
compliance with the Swedish regulations for the conduct of laboratory animals. 

 
 
Figure3. Schematic illustration of the 
animal with relevant sites. (A) 
Injection site. The injections were 
given subcutaneously on the dorsal 
side of the right hind paw. (B) and 
(C), popliteal lymph nodes, located at 
the posterior surfaces of the knees. (B) 
is the SLN and (C) the control lymph 
node in the contralateral leg. 
 
 
 

2.4 Experimental setup 

A high-frequency ultrasound scanner, VisualSonics Vevo 2100 (VisualSonics Inc., 
Toronto, ON, Canada), together with two transducers with different center frequencies, 
MS 250 (bandwidth 13-24 MHz, center frequency 21MHz) and MS 550D (bandwidth 
25-35 MHz, center frequency 32MHz), was used to capture ultrasound images in all 
studies in this thesis. To generate a time-varying magnetic field, a solenoid surrounding 
an iron-core was used as electromagnet. A time varying electrical signal, either sinusoidal 
or square-wave, was produced using a function generator and then amplified by a power 
amplifier or controlling a power switch, respectively. The signal was fed to the solenoid 
producing a time-varying magnetic field. An oscilloscope was used to monitor the 
amplitude of the electrical signal applied to the solenoid. In all studies, the solenoid was 
excited with various voltages, from 5 to 60 Vpp, and frequencies, from 4 to 16 Hz, to give 
an indication how these parameters affected the nanoparticle displacement. The magnetic 
flux density, measured immediately above the iron core, was 0.18 or 0.42 mT depending 
on the setup used. Using the Visualsonics Vevo 2100 research interface the radio 
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frequency in-phase quadrature (RF-IQ) data could be collected. The data was then 
exported to Matlab (The MathWorks Inc., Natick MA), where our algorithm was 
implemented, and processed offline.  

 
 
Figure 4. Schematic illustration of the experimental setup. By applying a time-varying electrical 
signal to a solenoid with a cone-shaped iron core, a magnetic field, which varies in time, will be 
created. The object containing nanoparticles (in this case a PVA-phantom) is positioned just above 
the iron-core tip from which the magnetic field is extended. When the magnetic field is applied, 
the nanoparticles within the object will start to move, and thereby the particles immediate 
surrounding. A high frequency ultrasound scanner is used to detect this movement. 

 
 

2.5 Frequency sensitive and phase gated algorithm 

In the practical experiments in this doctoral work, post-processing of the RF-IQ 
ultrasound data was performed, using our frequency tracking and phase gated algorithm. 
The algorithm calculates the magnitude of the movement in each pixel at frequency f0, 
the frequency with which the nanoparticles oscillates.  It is based on quadrature detection 
and phase gating at precisely the same frequency and phase as the nanoparticles (paper I-
IV), or the applied magnetic field (paper V and VI). Movements at all other frequencies 
and phases will be suppressed, making the algorithm very robust to motion artifacts. The 
main steps of the algorithm are outlined below: 
 
From the phase of the ultrasound IQ-data, the nanoparticle oscillation frequency (f0), was 
tracked at each pixel position through all frames in the ultrasound cineloop.  
Let rI(x, y, m) + j rQ(x, y, m) (m = 1, 2, …, M) represent the IQ-data from a cineloop of 
M frames, as exported from the Vevo 2100. Here, rI denotes the real part and rQ the 
imaginary part, and (x, y) corresponds to the lateral and axial coordinates, respectively, of 
a pixel position in the image. The phase r(x, y, m) for each pixel position throughout all 
frames was extracted from the argument of the received IQ-data, r(x, y, m) = arg (rI(x, y, 
m) + j rQ(x, y, m)). 
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After unwrapping, the phase was quadrature detected with f0: 
 

, , , , ∆ , , , ,  (9) 
 
where Δt corresponds to the time interval between two frames. (Note that I and Q, as 
denoted here, are different from what is considered IQ-data in the RF-data acquisition.) 
To obtain the displacement amplitude at frequency f0 for each pixel, a mean value of the 
quadrature detected sequence R(x, y, m), was calculated. The mean value was used instead 
of a low-pass filter because we were interested to detect only the displacement magnitude 
at f0: 
 

, , 	 ,  (10) 
 

The displacement amplitude, A(x, y), was then obtained as: 
 

, 2 , 	2 , 	 ,   (11) 
 
To compare A(x, y) (i.e., at f0 only) with the total motion (i.e., displacement at all 
frequencies), the rms deviation of the phase r(x, y, m) was calculated, and denoted rRMS. 
To make the numbers comparable, the displacement magnitude A was divided by a factor 
of √2. 
As the magnetomotive displacement (i.e. the displacement at the precise frequency and 
phase of the nanoparticles) in the nanoparticle-laden areas induces a displacement with 
opposite phase in its adjacent surrounding in the horizontal direction (especially in the 
phantom studies (Fig. 5), the phase P in each pixel at frequency f0 was calculated in order 
to enable separation with regard to phase. The phase was calculated as:  
 

, arg
,

,
 (12) 

 
2.6 Simulations 

Simulations in COMSOL (Comsol AB, Stockholm, Sweden) were made in paper II and 
IV to evaluate experimental findings. Experimental setups, of both phantoms (paper II 
and IV) and a SLN (paper IV), were modelled in COMSOL and the nanoparticle induced 
magnetomotive displacement was investigated and compared to the experimental results. 
In paper IV, the magnetic field	(B), within the phantom was first calculated. The result 
was used to calculate the magnetic field gradient and then, by multiplying the magnetic 
field times its gradient, the magnetomotive force acting on the particles was obtained. To 
get hold of movement in the modelled setups, the magnetomotive force was applied as a 
body load on the nanoparticle-laden areas. 
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2.7 Multimodal studies 

The sentinel lymph node model employed to evaluate the in vivo use of MMUS in this 
thesis, was in paper III and VI, applied in multimodal imaging studies. MRI or PET/CT 
was used as pre-staging imaging technique to localize the particles in the SLN, and then 
afterwards, MMUS imaging was performed. The following medical scanners were used: 
 
 
2.7.1 Magnetic resonance imaging 

Two types of MRI scanners were used. In paper III, a 2.4 T Bruker Avance II system, 
(Bruker Corp., Billerica, MA) and in paper VI, an 11.7 T vertical wide bore MR 
scanner (Agilent Technologies). The 2.4 T scanner is a small animal scanner, with a 
chosen imaging field of view of 60 × 50 × 50 mm and a pixel resolution of 234 × 234 × 
468 μm for whole body scans of the animals.  
The 11.7 T scanner is a micro system scanner designed to image small samples. The 
imaging field of view in the 11.7 T scanner for 3D imaging was 20 × 10 × 10 mm3 and 
the pixel resolution 39 ×39 × 39 �m3. With this scanner, the excised SLN and control 
lymph node from each animal were imaged. 
 
 
2.7.2 Positron emission imaging 

A dual-modality PET/CT system (NanoPET/CT, Bioscan, USA) was used in paper VI to 
obtain whole-body PET images of the rats. The injected paw was placed in a lead cylinder 
during the measurements to shield the injection site from adding too much background 
counts in the lymph node image. A five minute CT scan was first performed, followed by 
a PET scan where images were collected in 45 minutes.  The reconstructed images were 
exported to VivoQuant (inviCRO, Boston, USA) for co-registration and analysis.  

 

2.8 Displacement calculations 

The magnetomotive displacement in the nanoparticle-laden inserts or sentinel lymph 
nodes was calculated in all studies. The nanoparticle containing areas were outlined in the 
B-mode images. Thereafter, the magnetomotive displacement was calculated in all pixels 
in the outlined area, using the frequency and phase gating algorithm described earlier. An 
average displacement for all pixels within the selected region was then calculated to 
represent the magnetomotive displacement in that specific area. This was done in all 
papers except in paper I, where an area consisting of 9 × 9 pixel in the center of the 
nanoparticle insert, was used.  
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3.  DESCRIPTION OF INCLUDED PAPERS 

 
The MMUS technique was in the thesis evaluated both in phantom studies (paper I and 
II, IV) and in animal studies (paper III, V and VI). Simulations of the experimental 
findings were also made (paper II and IV). Here follows a summary of the separate studies. 
 

3.1 Paper I 

In paper I, a frequency sensitive and phase gated MMUS algorithm was developed. The 
algorithm analyses the RF-IQ-data, and it is based on quadrature detection and phase 
gating at the frequency of interest. Thereby, effective suppression of displacements at other 
frequencies is achieved, which makes the algorithm very robust to motion artifacts. This 
is crucial in in vivo measurements. The ultrasound data was collected with a high-
frequency linear-array ultrasound scanner, which never had been done in a MMUS study 
before. To evaluate the algorithm, a PVA phantom with three SPION-laden inserts 
(concentration 0.3, 0.45 and 0.6 mg Fe/ml), was used. By applying a sinusoidal magnetic 
field, displacement of the nanoparticles and thereby also displacement in the rest of the 
phantom, was induced. The voltage and frequency applied to the solenoid, which created 
the magnetic field, were altered (10, 20 and 30 Vpp and 4, 8, 12 and 16 Hz, respectively) 
and the impact of the nanoparticle displacement was investigated. Displacements outside 
nanoparticle-laden regions, similar in magnitude to displacements in the nanoparticle 
containing regions, were found. These displacements had the same frequency as the 
nanoparticles, but they were phase shifted approximately π radians. The algorithm was 
designed to eliminate these displacements by restricting the phase interval to the 
nanoparticle phase (±1.15 radians) only. A clear representation of the location of the 
SPION-laden regions could then be made after superimposing the magnitude of the 
nanoparticle displacement as color code on the B-mode ultrasound image, see Fig. 5. An 
increased nanoparticle displacement was found for a higher nanoparticle concentration (5 
times larger for the high concentration SPIO-laden insert), an increased magnetic field 
and a lowered frequency. A median signal-to-clutter ratio improvement using the 
proposed algorithm was 36 dB compared with simply summing the movement energy at 
all frequencies. The algorithm presented, was used to evaluate data in paper I-VI. 
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Figure 5. These images show a polyvinyl alcohol (PVA) phantom with two SPION-laden inserts 
during magnetomotive ultrasound imaging. The magnetic field excitation was 4 Hz 30 V. The 
images are color-coded with regard to displacement magnitude (panel B, C and E) or phase (panel 
D), according to the color bars at the right hand side of each image, respectively. Panel A shows a 
cross sectional B-mode ultrasound image of the phantom, the SPION-laden inserts are outlined 
and their concentration is denoted in the image. Panel B displays the total displacement in the 
image, i.e. the movement at all frequencies and phases. Panel C is a frequency-tacked but phase 
insensitive image, i.e. displacement at the nanoparticle frequency only, f0 (two times the applied 
magnetic field frequency, see Eq. 8), is color-coded. In panel D is the phase distribution at the 
nanoparticle frequency f0 shown. A frequency shift of approximately π radians between the 
nanoparticle-laden regions and the areas in-between can be seen. The MMUS image is presented 
in panel E. This image is color-coded with regard to both frequency and phase. Displacement, only 
occurring with frequency f0 and a phase difference less than ±1.15 radians relative to the center 
phase in the nanoparticle-laden regions, was color-coded. 
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3.2 Paper II  

Since the movement of the nanoparticles depend not only on the magnetic field (B), but 
also on the field gradient plus material parameters (Eq. 8), a first step trying to make the 
MMUS technique more quantitative was done in paper II. A PVA phantom with a 
homogenous distribution of nanoparticles was made to investigate the nanoparticle 
movement across the image plane. Then a comparison with simulations of the magnetic 
force was performed, to evaluate the potential for image normalization of magnetic field 
effects. Both the experimental and the simulation result showed a decreased movement 
with distance to the iron core tip, from which the magnetic field was extending. However, 
both at the transducer face and at the edges of the phantom, the displacement reached 
zero due to the rigid boundaries (see Fig 6A). This finding did not agree with the 
simulation result where only the magnetic field was considered. Hence, quantification 
may be difficult if not taking the surrounding material properties into consideration. 

 

Figure 6. Panel (A) shows a MMUS image of the PVA phantom with displacement as color code. 
The image is a mean of three different cross sections, all obtained at magnetic field excitation 5 Hz 
30 V. The tip of the iron core, from which the magnetic field is extending, is located at the bottom 
center, and the transducer is positioned along the top. The maximum displacement was measured 
to be 2.9 μm and is color-coded as white. Panel B shows displacement in micrometers along the 
vertical axis extending from the tip of the magnet for three voltages (10, 20 and 30 V), all obtained 
at 5Hz. Each solid line is a mean of three measurements. The dotted line represents the simulated 
magnetic force (field times its gradient) and is scaled to fit in the figure. 
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3.3 Paper III 

In this paper, a multimodal animal study, combining MRI (in vivo) and MMUS (post 
mortem), was presented. The sentinel lymph node model described earlier (section 2.3) 
was used. Eight Wistar rats were injected with two sizes of nanoparticles (31 and 67 nm, 
each size were given to four rats) in order to investigate the dependence between particle 
size and SLN uptake. The nanoparticles were given in two different concentrations (0.3 
and 3 mg Fe/ml). As in paper I, the frequency and voltage of the signal applied to the 
solenoid were altered (10, 20, 30 Vpp and 5-15 Hz, in steps of 2.5 Hz, respectively). MRI 
and MMUS signals were found in all animals (except from one animal in the MMUS 
measurements, where loss of information in the RF-IQ data made it impossible to evaluate 
the data). For both higher nanoparticle concentration and smaller nanoparticles, we found 
that the MMUS data showed a larger magnetomotive displacement (1.56 ± 0.43 and 1.94 
± 0.54 times larger, respectively) and that the MR-images were affected to a higher degree. 
The MMUS displacement also increased with lower excitation frequency (1.95 ± 0.64 
times larger for 5 Hz compared with 15 Hz) and higher excitation voltage (2.95 ± 1.44 
times larger for 30 V compared with 10 V). The out-of-phase motion found in the paper 
I, was also present herein (Fig. 7 D). This was the first multimodal study where MMUS 
and MRI was combined and also the first study where harmonic MMUS was 
demonstrated in animals. 
 

 

Figure 7.  A T2*-weighted MR image of the popliteal nodes (SLN and control node) of a rat, 
injected with small particles and low concentration is shown in panel A. The hyperenhancement 
in the SLN, shown as black, indicates the presence of SPIONs. Panel B is a B-mode image of the 
SLN and the SLN is outlined in the image. Note the different scale bars in panel A and B. The 
total movement at all frequencies and with all phases is shown in panel C as a color code, 
superimposed on the B-mode. In panel D is the phase distribution on nanoparticle displacement 
frequency only, shown as a color code, overlaid on the B-mode image. The π radians phase shift 
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between the SPION-laden region and its surrounding found in the first study, was also present in 
the animal model. The MMUS image is displayed in panel E. Only displacement occurring at 
nanoparticle frequency and phase (± 0.35 radians) is accepted as magnetomotive displacement and 
its magnitude is displayed as color-code. Note the different color bars in panel C and E.  

 

 

Figure 8. The magnetomotive displacement magnitude for each rat at 5 Hz, 30 V is seen in the 
image. A larger displacement for both higher nanoparticle concentration and a smaller particle can 
be seen. The error bars indicate sample standard deviation.  
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3.4 Paper IV    

In this study, experimental data, from both the phantom model in paper I, and the post 
mortem lymph node in paper III, was compared with data from simulations with the same 
geometry as the experimental setups. The sinusoidal magnetic force acting on particles 
was in the simulation modeled as deriving from a coil with a cone shaped iron core, and 
applied as a body load in nanoparticle-laden regions. The out-of-phase movement, next 
to the nanoparticle-laden regions found in study I and III, was also present in the 
simulations. This indicated that the displacement is a result of mechanical coupling from 
movement of nanoparticle-laden regions, and not diamagnetic response, which was 
previously suggested by Oldenburg et al [80]. In the phantom, there was a minor 
mismatch in the alignment of the movement. Potential sources of errors can be that 
simulated slip condition at the boundaries is probably a combination of slip and stick due 
to friction, a slight difference of the nanoparticle laden inserts in horizontal position 
between the phantom and simulation and also difference in material parameters (Fig. 9). 
Both the experimental and simulation results showed the largest movement in the insert 
with the lowest particle concentration, which was positioned just above the iron core tip. 
The results from lymph node model were in agreement (Fig. 10). 
 

 
Figure 9. Detected magnetomotive displacement in the experimental setup (A) and in the 
simulation (B and C). Panel A and B are color-coded in regard with displacement, where white is 
maximum displacement. In Panel C, the arrows show the direction of the displacement and the 
size of the arrow indicates the magnitude of the displacement at the given location. The black open 
triangle below the center insert indicates the position of the iron core tip from which the magnetic 
field is extending. The largest displacement was found in the insert with the lowest concentration 
of SPIONs, which was positioned just above the iron core tip. A slight mismatch in the alignment 
of the tilt of the SPION-laden areas can be seen between the experimental and simulation results, 
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attracting towards or tilting away from the tip, respectively. This is probably a result of the modeled 
slip condition tangentially to the surface, which in reality presumably is a combination of slip and 
stick due to friction.   
 

 
 

Figure 10. Detected magnetomotive displacement in simulation (A and B) and experiment (D) 
and the phase distribution at the nanoparticle displacement frequency (C) in the post mortem lymph 
node. The sphere in panel A represents the SPION-laden lymph node, whereas the triangular 
region represents the surrounding fat capsule. The arrows show the direction of the displacement 
and the size of the arrows indicate the magnitude of the displacement. Panel B shows the simulated 
MMUS displacement as a color code, where black is no displacement and white is maximum 
displacement. MMUS displacement can be seen in the fat capsule in both panel A and B. Panel A 
reveals that the main component of this displacement has opposite direction (i.e. opposite phase) 
compared to the displacement in the lymph node. In panel C, the phase distribution at the 
nanoparticle oscillating frequency is shown. A π radians phase shift can be seen between the 
outlined lymph node and the surrounding fat capsule. Panel D shows a MMUS image, color-coded 
according to the bar on the right hand side of the panel. Only pixels with displacements with the 
same frequency and phase (± 0.35 radians) as the nanoparticles are color-coded.  
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3.5 Paper V 

In paper V, the algorithm was for the first time evaluated in vivo and it was the first in 
vivo study where imaging of SPIONs was made with a harmonic magnetic field. The same 
clinical SLN model as in paper III was used. All three Wistar rats included in the study 
were successfully imaged with MMUS. The rats were injected with different 
concentrations of nanoparticles (0.1, 0.2 and 0.3 mg Fe/ml) and the magnetic field was 
varied by applying an electrical signal with different voltages and frequencies to the 
solenoid, creating the magnetic field. The study showed that for a higher concentration 
of nanoparticles, a lower magnetic coil excitation voltage could be used in order to create 
a magnetomotive displacement of a certain amplitude (e.g. increasing the voltage from 
20V to 50V resulted in a 56.6% larger MMUS displacement). The mean signal-to-clutter-
ratios (SCR), defined as magnetomotive displacement magnitude in the lymph node 
divided by that in the rest of the ultrasound image, were calculated to 15.5 ± 5.1 dB, 17.4 
± 6.9 dB and 16.8 ± 6.2 dB for the three rats (conc. 0.1, 0.2 and 0.3 mg Fe/ml), 
respectively. 
For each lymph node, ultrasound images in six different cross sections were collected. An 
uneven concentration distribution of nanoparticles in the SLN was found when analyzing 
the data. The maximum MMUS displacement difference between two different cross 
sections within the same SLN was 9.76 times. 
 

 
 
Figure 11. The SLN in the animal injected with the highest concentration (0.3 mg Fe/ml) at 
magnetic field excitation voltage 5 Hz 35 V. Panel A shows a B-mode image of the SLN its and its 
surrounding fat capsule. The total movement, i.e. movement at all frequencies and phases is 
superimposed as a color code on the B-mode image in panel B. The white area to the left of the 
SLN is the popliteal artery. By using the algorithm, the MMUS image in panel C is obtained. Only 
pixels showing displacements with the same frequency and phase (± 0.35 radians) as the applied 
magnetic field are color-coded. Note the scales on the color bars, the maximum displacement is 
more than 150 times larger in panel B than panel C. The SCR in panel C was 23.3 dB. 
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Figure 12. MMUS images of one cross section in the rat injected with the middle concentration of 
SPIONs, when the voltage is altered from 10V or 60 V. To give the ability to compare the 
magnetomotive displacement at different voltages, the color scale is identical for all images with 
the brightest color corresponding to a displacement magnitude of 0.8 μm. All pixels showing larger 
displacements were set to 0.8 μm. It can be seen from the images that the MMUS signal increases 
with a higher magnetic field voltage. 

 

Figure 13. MMUS images of six different cross sections in the high concentration animal, three 
horizontal and three vertical. The images clearly indicates an uneven concentration of SPIONs, 
since the magnetomotive signal varies a lot between the different cross sections.  
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3.6 Paper VI 

A multimodal in vivo study, combining MMUS with PET/CT and MRI was 
demonstrated herein. A clinical relevant situation for SLN surgery was set up; one hour 
post 68Ga-SPIONs injection, whole body PET/CT scanning was performed, then two to 
four days later, the SPION-laden SLNs were imaged with MMUS.   To evaluate the 
nanoparticle content in each lymph node, MRI scanning of the removed lymph nodes 
was performed. To our knowledge, this was the first time these techniques were used 
together. All SLNs were detectable in the PET images. Four of six SLNs could be detected 
with MMUS.  In turn, the MRI measurements showed that the two lymph nodes 
undetectable with MMUS, contained the lowest concentrations of particles. The four rats 
detectable with MMUS, were in close agreement with the MRI measurements (correlation 
coefficient of 0.999 and p-value = 0.001). Also in this study, an uneven distribution of 
nanoparticles was found in the SLN when analysing the MMUS images. By examination 
of the eviscerated SLNs, it could be seen that the particles were disseminated in the rim 
of the SLN as black stripes, see Fig. 15. 

 
Figure 14. Panel (A), a coronal PET/CT image of animal 1. The center of the red cross shows the 
position of the SPION-accumulated SLN. SPION accumulation is also seen in two iliac lymph 
nodes. Panel (B), MMUS image of the SLN in same animal. The fat capsule surrounding the 
lymph node is outlined in the image. The induced magnetomotive displacement, shown as color 
code in the image, reveals the location of the SLN.  
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Figure 15. Photographic image of the eviscerated SLNs (top row) and control nodes (bottom row). 
The SLN is darker in all cases expect from in animal 4. The darker color indicates the presence of 
SPIONs. Black stripes of SPIONs can be seen in animal 1, 2 and 5. The semi-transparent parts, 
that partly surround some of the lymph nodes, are remains of the fat capsule.  
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4. DISCUSSION 

 
In the beginning of 2010, when this doctoral work begun, MMUS had more or less just 
been presented and only a few studies were performed with this novel technique [44, 46, 
48]. The possibilities and potential of the technique was thereby unknown and the overall 
aim of the thesis was set to investigate the concept of MMUS and evaluate its feasibility 
for in vivo use.  
 
The algorithm developed paper I, has shown to be very sensitive. In all studies, 
displacement in the sub-micrometer range has been detected. Although displacement 
artifacts have been more than two orders of magnitudes larger than the MMUS signal, the 
algorithm has been able to clearly highlight the location of the nanoparticles (e.g. paper 
III and V).  

The magnetomotive displacement is affected by many parameters such as the magnetic 
field excitation, nanoparticle concentration, the geometry and size of the particles, 
susceptibility of the particles and the elasticity of the surrounding medium. In the studies 
here within, the first three parameters have been altered in order to obtain a better 
understanding of their influence on the nanoparticle displacement. 

Both the frequency and the voltage applied on the solenoid creating the magnetic field 
have been altered. The displacement was observed to decrease with frequency. The main 
reason is most likely due to the solenoid’s increasing impedance with frequency. The 
contribution from the viscoelastic response of tissue may also be a part of explanation.  

An increased displacement was found with increased voltage. In study V and VI, the 
solenoid and iron core was exchanged and the magnetic flux density could be increased 
from 0.18 T to 0.41 T. The shape of iron core was also reformed in order to form a more 
homogeneous field in the image plane. These changes also resulted in a higher 
magnetomotive displacement.  

In 2013, Mehrmohammadi et al. presented a study where they used zinc-doped SPIONs 
with a saturation magnetization of 161 emu/g  (Zn+Fe) instead of around 50 emu/g (Fe) 
which is a typical saturation magnetization of clinically used Fe3O4 particles (e.g. Feridex). 
Phantoms with nanoparticle inclusions (concentration of 0.5 and 1.0 mg Fe/ml) were 
made, one containing zinc-doped nanoparticles and one containing Feridex nanoparticles. 
Signal increments of 277 % and 225 % respectively, were found using zinc-doped particles 
[59]. Metal-doped SPIONs may be a better MMUS contrast agent of choice instead of 
ordinary SPIONs. However, these nanoparticles come with higher safety concerns since 
their toxicity profile is not as well studied as the non-doped SPIONs, already in use in the 
clinic. 
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The magnitude of the displacement in all the papers included in this thesis, is noteworthy 
smaller than what other MMUS groups have presented.  The maximum MMUS 
displacement detected by us has been barely 3 μm (but usually around 0.5 μm), whereas 
others in the field, who have presented their results in units of length, have reported 
displacements of tens [50, 58, 59, 61] or even up to hundreds of micrometers [48, 56]. 
The reason for the difference in displacement is not fully understood. Two main factors 
differentiating these groups from us are the magnitude of the magnetic flux density (B) 
and the applied signal to the coil generating the magnetic field, being pulsed or harmonic. 
The magnetic flux density used by other groups was approximately 2-3 times larger 
(except from the setup in paper V and VI where the magnetic flux density was doubled, 
when using a new solenoid and iron core). This affects the resulting MMUS displacement, 
but not possible to the degree reflected in the difference in magnitude.  By applying a 
pulse instead of a harmonic signal, a larger amount of instantaneous energy can be applied 
on the solenoid due to the smaller amount of total heat developed. This also affects the 
magnitude on MMUS displacement. 

An additional factor affecting the magnitude of the displacement is the viscoelasticity of 
the nanoparticle-laden regions and their surroundings. The viscoelasticity is an unknown 
parameter in most MMUS studies, both others, and ours, and is thereby not possible to 
take in to account in this discussion. Nevertheless, since malignant tissue is harder than 
healthy tissue, this is a parameter that could have potential diagnostic value. As the 
MMUS technique induces a displacement in the tissue, a dynamic response will follow. 
Translating this response to viscoelasticity, may open up non-invasive detection of 
metastatic infiltration with the MMUS technique.      

In potential clinical use, the increased generation of heat created when a harmonic field is 
used (produced by inductance in the solenoid), may make it necessary to introduce some 
sort of solenoid cooling system. But in the studies included in this thesis no cooling of the 
magnet has been needed. Advantages using a harmonic magnetic field are the ability to 
obtain a better signal-to-noise/background ratio and also make the measurement more 
robust against motion artifacts. As a very high framerate is needed to sample the tissue 
movement produced by a pulsed magnetic field (kHz), new ultrasound scanners (or 
implementation of software) and transducers are required since conventional ultrasound 
machines operate at a framerate of approximately 100 Hz. This might not be a problem 
in the future since other ultrasound applications, such as vector Doppler, also require high 
framerate, but for the moment these machines are not in clinical use.    

Simulations were performed in order to verify experimental findings (paper II and IV) 
and to obtain a better understanding of the MMUS displacement. In paper II an attempt 
to normalize the inhomogeneous magnetic field was done with the purpose to provide 
more accurate information about the magnetic particle content throughout the ultrasound 
image during MMUS imaging. But the simulation and experiments did not agree as well 
as predicted. The absence of displacement at the edges of phantom showed that a more 
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complex simulation model has to be developed in order to obtain a better accuracy of the 
nanoparticle concentration. This model has to take the boundary conditions in to 
account. 

In paper IV, both the phantom model from paper I and post mortem lymph node from 
paper III were evaluated in a simulation model. The π radians out of phase movement 
found in the experimental setups was also found in the simulations. It has been discussed 
whether this movement is a result of mechanical coupling between the nanoparticle-laden 
areas and their surrounding or if it is a diamagnetic response of the background material, 
where we have argued for the first viewpoint. In the simulation the magnetic force was 
applied as a body load on the nanoparticle-laden areas and a large out of phase 
displacement was still present. In addition, no diamagnetic response was found when 
examining a phantom free from SPIONs (paper I), as well as in the control lymph node 
in the post mortem case (paper III). Thereby, we believe that the mechanical coupling is 
the main contributor to the movement. Whether the out-of-phase movement can 
contribute with elasticity information of the SPION-laden tissue is still an open question. 

The SPION-laden inserts in the phantom (both experimental and simulations) were 
arranged with the insert containing the lowest concentration SPIONs positioned just 
above the iron core tip, whereas inserts with higher concentration were positioned on the 
sides. The result showed that the highest MMUS-displacement was found in the low 
concentration insert. This indicates, as suggested in paper II, that a normalization of the 
magnetic field is needed in order to achieve a fair representation of the concentration 
distribution of nanoparticles. However, considering the effect of boundary conditions the 
normalization process may need to be more complex than first assumed and the approach 
to solve this remains to be found out.  

An investigation of the potential for in vivo use of the algorithm and MMUS, was 
performed in three animal studies (paper III, paper V and paper VI), where two of them 
also were multimodal (paper III and VI). The sentinel lymph node rat model, described 
earlier in section 2.3, was used. In all three studies SPION-laden lymph nodes were 
successfully imaged, showing that the algorithm and the MMUS technique have the 
potential to be used in vivo.  

To exclude artifactual movements, such as respiration and heart beats, which could 
interfere with the magnetomotive displacement, the experiments in study III were made 
post mortem.  

In the study, two sizes of the PEG-coating, surrounding the 11 nm iron core were used, 
resulting in particles with diameters of 31 or 67 nm. For the smaller particles, a larger 
MMUS displacement in the ultrasound data and a larger hypoenhancement in the MRI 
images, were found. This indicated a higher accumulation of 31 nm particles in the SLN. 
The reason for this is probably due to faster accumulation of the smaller particles in SLN, 
which have earlier been seen by Kjellman et al. [42].  
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Study V was performed to investigate the algorithm’s potential to suppress those in vivo 
artifacts which were avoided in study III. It was shown that motion artifacts more than 
150 times larger than the MMUS signal, could be suppressed and the SPION-laden SLNs 
were clearly highlighted in the ultrasound images using the algorithm. To be able to take 
the technique to the clinic in the future, this is necessarily.  

In the last animal study (paper VI), a clinical scenario was implemented, where 
preoperative  staging with PET/CT was performed one hour post injection of SPIONs, 
followed by MMUS imaging 2-4 days later. Thereafter the SLNs were removed from the 
animals and imaged with high-resolution MRI.  All animals were detected with PET/CT 
whereas MMUS-signal was found in four of six animals.  

The concentration of the 100 μl injected SPION solution, was varied between 0.1 and 4 
mg Fe/ml, in the in vivo studies. All animals in paper V, injected with 0.1-0.3 mg Fe/ml 
could be imaged with MMUS, whereas in paper VI, no MMUS signal was found in two 
out of six animals, injected with 1 and 2mg Fe/ml respectively. The actual amount of 
nanoparticles accumulated in the SLN is not known, but considering the injected 
concentrations, the accumulation is assumed to be larger in the animals in study VI. The 
PET images of the two not detectable animals showed a radioactive contamination on the 
belly of one of these animals and in the other animal, PET signal was observed in the liver, 
indicating leakage of the 68Ga-labeled SPIONs into the bloodstream. The MRI images 
confirmed that the concentration of accumulated SPIONs was lowest in these two 
animals, where no MMUS signal could be observed.  

It would be desirable to determine a lower SPION detection limit for in vivo MMUS 
imaging. Thereby the particle concentration in all studies has been altered, with the 
purpose obtain an indication of what this limit could be.  But since a multitude of 
parameters affect the displacement (e.g. magnetic flux density, the elasticity of the 
surrounding media, the properties of the magnetic probes) and the accumulation of the 
nanoparticles (e.g. drainage from the injection site, the nanoparticle uptake in the SLN), 
as well as unpredictable events as in study VI may occur, it may be hard to determine.  

In the phantom setup in study I, no MMUS displacement was found in the 0.3mg Fe/ml 
insert. The detection limit was in this study set to 0.45g Fe/ml, as this was the second 
lowest concentration used. Instead, in study V, MMUS-displacement was found in the 
animal injected with 0.1 mg Fe/ml. As approximately less than 10 % of the injected dose 
of SPIONs ends up in the SLN [36], the concentration in the SLN should be around 0.01 
mg Fe/ml. There seems to be other factors in play and additional measurements have to 
be made in order obtain a better understanding of the detection limit. 

The MMUS images in study V (Fig. 13) and VI showed an uneven distribution of 
nanoparticles in the SLN. In study VI, the SLNs and control lymph nodes (node in the 
contralateral knee) were removed from the animals to investigate the distribution. A color 



39 
 

difference between SLN and control node could be seen in all animals (Fig. 15). In the 
SLNs with the highest concentration of particles according to the MRI measurements 
(animal 1, 2 and 5), the SPIONs appeared as black stripes on the outer rim. This type of 
SPION distribution has earlier been reported by Kjellman et al. [13].  As a result of the 
uneven distribution, more than one cross section should be imaged with MMUS, not to 
miss the MMUS signal. 

The progress in the molecular imaging field has resulted in an increased need to combine 
several imaging modalities to obtain both the high sensitivity and the high anatomical 
resolution which are required [32].  In paper III, MRI and MMUS were combined. This 
paper was a proof of principle for harmonic MMUS imaging in animals, and it showed 
that it was possible to use the same contrast agent with these two modalities.  

In paper VI, MMUS, PET/CT and MRI were combined. The aim with the paper was to 
build up a possible clinical scenario and evaluate the possibility of MMUS to be used as 
an intraoperative guide during sentinel lymph node surgery after preoperative staging with 
combined PET/CT. MRI was in this study only used to evaluate the amount of SPIONs 
in the lymph nodes, so a comparison against the MMUS results could be made. But to 
obtain a better soft tissue resolution in the preoperative images, PET/MRI would 
preferably be used as the preoperative staging technique instead of PET/CT, as employed 
in this study. 

Both study III and IV presented positive MMUS results, whereas study VI showed that 
MRI and PET were more sensitive detecting the 68Ga-SPIONs than MMUS. There seems 
to be a detection threshold in MMUS, which does not occur to the same extent in the 
other modalities, but above this limit the results are in good compliance (MRI and 
MMUS - to compare PET and MMUS is not relevant since they image different processes 
and at different times). However, the MMUS technique is still developing and additional 
studies are required to obtain a better understanding how various parameters affect the 
displacement and detection of SPIONs. All animal studies performed in this thesis are 
more or less a proof-of-concept of in vivo use of the technique and our algorithm, and 
investigations how to make the imaging setup more sensitive have to be done. Examples 
of areas of improvements are algorithm modification, enhancement of the magnetic flux 
density and using nanoparticles with properties increasing the magnetic force acting on 
the particles, e.g. higher susceptibility. 

The design of the sentinel lymph node model used herein sets the popliteal lymph node 
to be the SLN. In breast cancer, the SLN is located in the draining nodal basin in the 
axilla whereas the position of the SLN in malignant melanoma, especially if located at the 
abdomen, might be in many locations stretching from the neck to the groin [78]. 
Depending on the situation, the choice of imaging modalities used to identify the 
SLN/SLNs may be altered. In case of malignant melanoma whole-body preoperative 
staging would probably be preferable (preformed with e.g. PET/MRI or PET/CT), 
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whereas in breast cancer, where the SLN location is restricted to a smaller area, MMUS 
may in the future be able to work as a stand-alone imaging technique.   

Since the SLN model was used to evaluate MMUS in vivo in this thesis, much attention 
has been given to this application of using MMUS. However, the results in this thesis 
point in the direction that MMUS has potential to be used as a standalone modality for 
other imaging applications aside from a pre-operative guide for the surgeon during SLN 
detection and removal. Especially if the magnetic nanoparticles are functionalized with 
targeting molecules, so they can be used target specific molecular imaging. Such potential 
applications is e.g. in cardiovascular research, monitoring the progression and treatment 
of atherosclerotic plaque, and also to image stem cell propagation and migration.  
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5. FUTURE WORK 

 

Even though the results from this thesis show a promising future for the MMUS 
technique, there is some way to go before clinically use may be possible. Many more 
measurements and simulations have to be performed in order to develop an understanding 
how different parameters affect the displacement and also to be able to build up a sensitive 
system with a low nanoparticle concentration detection dose. Also a safety analysis has to 
be performed. 

The dynamic response of the nanoparticle-induced displacement is most likely coupled 
with the viscoelasticity of the surrounding media. Since malignant tissue is stiffer than 
normal tissue, finding a relationship between the magnetomotive tissue response and 
elasticity could result in a non-invasive way, analyzing malignancy of tissue using only 
MMUS as a standalone technique.   

In order to obtain a better estimation of the distribution of the nanoparticles a 
normalization of the magnetic field needs to be performed, either by software or hardware 
solutions. This may for example be of importance when evaluating the concentration 
nanoparticles in drug-delivery applications.    

Further, to be able to take the technique to the clinic, a new probe design that would 
facilitate the magnetic field excitation has to be developed. Since the magnetic field 
decreases with distance from the magnet field generator, it is desirable to have the 
nanoparticle-laden area as close to the magnet field generator as possible. Thus, a design 
is needed where the magnetic field is applied from the same side as the ultrasound probe.  
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6. CONCLUSION 

 

In this thesis, a magnetomotive ultrasound imaging algorithm has been developed and 
evaluated successfully in phantom studies (study I, II and IV) and animal studies, both 
post mortem (paper III)  and in vivo (study V and VI). Additionally, to investigate the 
induced magnetomotive displacement, the experimental findings have been verified in 
simulations (paper II and IV). 

In all studies the algorithm has been capable to sort out the MMUS signal and pinpoint 
the location of the SPION-laden areas, even though the nanoparticle displacement has 
been small (in the order of sub-micrometers) and the motion artifacts from heart and 
blood flow have been substantially larger.  

To evaluate MMUS in a clinical relevant situation, a sentinel lymph node model was in 
this thesis chosen, where MMUS served as a complementary imaging modality to standard 
methods, providing high-resolution bedside guidance for the surgeon during SLN surgery. 
However, the MMUS technique has also shown to have potential to be used as a non-
invasive stand-alone imaging technique. Labelling the magnetic nanoparticles with disease 
targeting molecules, a new dimension of possibilities and field of applications would open 
up for MMUS. Both in cancer research, localizing metastatic infiltration prior to cancer 
surgery and also in other clinical applications such as cardiovascular research and drug-
delivery. 
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Frequency- and Phase-Sensitive Magnetomotive Ultrasound Imaging of 
Superparamagnetic Iron Oxide Nanoparticles

These images show suppression of spurious motion signals during magnetomotive 
ultrasound imaging of a polyvinyl alcohol (PVA) phantom containing 
superparamagnetic iron oxide nanoparticle inserts (outlined, concentrations: 0.6 and 
0.45 mg of Fe3O4/mL): (a) B-mode image, (b) the total rms displacement (power 
Doppler processing), and (c) the frequency detected and phase-gated displacement. 
For further reading, please see M. Evertsson, M. Cinthio, S. Fredriksson, F. Olsson, 
H. W. Persson, and T. Jansson, “Frequency- and phase-sensitive magnetomotive 
ultrasound imaging of superparamagnetic iron oxide nanoparticles,” IEEE Trans. 
Ultrason. Ferroelectr. Freq. Control., vol. 60, no. 3, pp. 481–491, Mar. 2013.

Images courtesy of Maria Evertsson, Magnus Cinthio, Sarah Fredriksson, Fredrik 
Olsson, Hans W. Persson, and Tomas Jansson. M. Evertsson, M. Cinthio, H. W. 
Persson, and T. Jansson are with the Department of Electrical Measurements, Faculty 
of Engineering, Lund University, Lund, Sweden. S. Fredriksson and F. Olsson are 
with Genovis AB, Lund, Sweden.
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Abstract—It has recently been demonstrated that super-
paramagnetic iron oxide nanoparticles can be used as magne-
tomotive ultrasound contrast agents. A time-varying external 
magnetic field acts to move the particles and, thus, the nanopar-
ticle-laden tissue. However, the difficulty of distinguishing this 
magnetomotive motion from undesired movement induced in 
regions without nanoparticles or other motion artifacts has not 
been well reported. Using a high-frequency linear-array sys-
tem, we found that displacements outside nanoparticle-laden 
regions can be similar in magnitude to those in regions con-
taining nanoparticles. We also found that the displacement 
outside the nanoparticle regions had a phase shift of approxi-
mately π radians relative to that in the nanoparticle regions. 
To suppress signals arising from undesirable movements, we 
developed an algorithm based on quadrature detection and 
phase gating at the precise frequency of nanoparticle displace-
ment. Thus, clutter at other frequencies can be filtered out, 
and the processed signal can be color-coded and superimposed 
on the B-mode image. The median signal-to-clutter ratio im-
provement using the proposed algorithm was 36 dB compared 
with simply summing the movement energy at all frequencies. 
This clutter rejection is a crucial step to move magnetomotive 
ultrasound imaging of nanoparticles toward in vivo investiga-
tions.

I. Introduction

The development of contrast agents for ultrasound im-
aging, as for other imaging technologies, is moving 

toward molecular imaging. This is the process in which 
contrast agents are labeled with tumor- or tissue-specific 
targeting agents, e.g., antibodies, peptides, and aptam-
ers, to make it possible to detect phenomena that occur 
on a cellular or molecular level. This information is ex-
pected to have a major impact on the detection of cancer 
and cardiovascular disease, the development of drugs and 
individualized treatment, and our understanding of how 
diseases arise [1], [2].

Other techniques, e.g., positron emission tomography 
(PET), single-photon emission computed tomography 
(SPECT), magnetic resonance imaging (MRI), and op-
tical methods, receive the most attention for molecular 
imaging. The same development for ultrasound has been 
slower, primarily because conventional ultrasound con-
trast agents, which are composed of relatively large mi-
crometer-scale bubbles, are confined to the vascular sys-
tem [3]. These relatively large bubbles are also difficult to 
attach to a target, because the shear force from the blood 
tends to drag the bubble away. New types of contrast 
agents show promise in increasing the possible molecu-
lar imaging applications for ultrasound. Perfluorocarbon 
emulsions have been suggested because they form bubbles 
with diameters in the order of 100 nm [4]; however, these 
bubbles produce a weaker echo than gaseous microbubbles 
because of their small size. Photoacoustic imaging [5] is a 
relatively new modality that can open up molecular imag-
ing applications using, for instance, gold nanoparticles [6], 
quantum dots [7], and carbon nanotubes [8].

Superparamagnetic iron oxide (SPIO) nanoparticles 
were approved as contrast agents for MRI more than a 
decade ago. Recently, it has been shown that it is possible 
to detect SPIO nanoparticles with MRI, SPECT, and op-
tical techniques in the same animal [9]. The combination 
of the best properties of these imaging techniques with 
molecular imaging would vastly increase the potential of 
imaging for detection of diseases and improved patient 
care. For instance, the combination of sensitive and quan-
titative SPECT data with high-resolution MRI could im-
prove the staging of breast cancer patients [10], and the 
very same particles can later be imaged by more portable 
methods to provide guidance during surgery [9]. However, 
new imaging strategies are needed for ultrasound, because 
the particles used are too small to be imaged directly with 
conventional ultrasound equipment.

In 2006, Oh et al. [11] demonstrated a new technique, 
called magnetomotive ultrasound (MMUS) imaging, that 
enabled detection of SPIO nanoparticles with ultrasound. 
This imaging technique is built on the same key prin-
ciple as magnetomotive optical coherence tomography 
(MMOCT), first demonstrated in 2005 [12]. The main 
idea is the application of a time-varying magnetic field 
(pulsed or sinusoidal) to the volume in which the nanopar-
ticles are deposited. The magnetic field induces movement 
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of the particles and, thereby, the surrounding tissue. This 
movement can be detected with traditional Doppler tech-
niques [11], M-mode techniques [13], or correlation tech-
niques [14]. Indeed, standard Doppler techniques (i.e., 
implemented in the ultrasound scanner and not requiring 
offline analysis) have proved sufficient to image particles 
phagocytosed by Kupffer cells in a mouse liver [11].

Because MMOCT is restricted to only 1- or 2-mm 
penetration depth in scattering tissue [15], MMUS would 
vastly increase the number of applications for imaging of 
SPIO nanoparticles both for preclinical and clinical use 
because of its much larger imaging depth. A fast-growing 
segment is high-frequency ultrasound imaging of small an-
imals for preclinical studies, which is also likely to be the 
first practical application of MMUS. Therefore, we have 
chosen to evaluate MMUS for high frequencies, which has 
the added benefit that a given magnetomotive displace-
ment produces a larger relative phase shift, and thus a 
higher sensitivity to smaller displacements.

Using a high-frequency linear-array system, we have 
identified two complications that would restrict the use 
of magnetomotive imaging of SPIO nanoparticles for pre-
clinical and clinical practice: first, because the induced 
displacement magnitude is in the order of micrometers, 
there is an inherent sensitivity to motion artifacts, and 
second, we discovered an induced displacement occurring 
outside the nanoparticle-laden regions. However, we have 
also found in our setup that these induced displacements 
have opposite phase relative to those within the nanopar-
ticle laden regions, a finding that can be used to suppress 
undesirable motion artifacts.

To distinguish between regions containing nanoparti-
cles and regions that do not, we developed an algorithm 
based on quadrature detection and phase gating precisely 
at the frequency with which the nanoparticles are mov-
ing. Thus, clutter occurring at other frequencies can be 
filtered out, and as an additional benefit, also displace-
ments occurring out of phase relative to the displacements 
in the nanoparticle-laden regions, such as those described 
in the preceding paragraph. Our goal was to investigate 
the ability of our algorithm to enhance regions that con-
tain SPIO nanoparticles relative to regions without these 
particles; this is a crucial property for in vivo measure-
ments. Further, we investigated how different frequencies 
and magnitudes of the magnetic field, as well as different 
nanoparticle concentrations, affect the detection.

II. Materials and Methods

A. Nanoparticles

The nanoparticles (Genovis AB, Lund, Sweden) con-
sisted of solid iron oxide cores of Fe3O4 (magnetite), which 
were coated with polyethylene glycol (PEG; molecular 
weight 2000 to 4000 g/mol) to stabilize the suspension. 
Using transmission electron microscopy, the diameter of 
the particles was measured to be 18 ± 2 nm. The hydro-

dynamic particle diameter measured with dynamic light 
scattering was 30 nm on average, including the coating 
(the larger diameter using dynamic light scattering is due 
to water molecules coordinating around the particle). The 
nanoparticles had a magnetic saturation of approximately 
80 emu/g of Fe3O4.

B. Phantom Mold

A rectangular poly(methyl methacrylate) (PMMA) 
container was produced as a mold for the phantom. Three 
sides of the container were detachable. They were held in 
place by brass screws, which did not interfere with the 
magnetic field. Three PMMA cylinders (5 mm diameter) 
were attached to the bottom of the container. These cylin-
ders created holes in the phantom, within which polyvinyl 
alcohol (PVA) inserts containing different concentrations 
of nanoparticles were placed and imaged during the ex-
periments.

C. PVA Phantom

The phantoms were made of 5% PVA (wt%), to act as 
a tissue-mimicking material. The crystallized PVA (aver-
age Mw 85 000 to 124 000, 98% to 99% hydrolyzed, Sigma-
Aldrich Co. LLC, St. Louis, MO) was dissolved in Milli-Q 
water (EMD Millipore Corp., Billerica, MA) in an au-
toclavable glass bottle sealed with a polypropylene plug. 
To do this, the glass bottle and its contents were put in 
a Nüve FN300 oven (Nüve, Ankara, Turkey) at 95°C for 
2 h. When the PVA was completely dissolved, 30 mg of 
graphite (Graphite, Merck KGaA, Darmstadt, Germany) 
per milliliter of solution was added to act as the scatter-
ing media in the ultrasound image. The PVA solution was 
poured into the phantom mold described previously. It 
was also poured into three Eppendorf tubes containing 
SPIO nanoparticles in the concentrations needed to form 
solutions of 0.6, 0.45, and 0.3 mg of iron oxide/mL. The 
solutions in the Eppendorf tubes were mixed and then 
drawn into three syringes having an internal diameter 
matching the holes in the phantom. To crosslink the mix-
ture, the phantom mold and the syringes underwent two 
freeze-thaw cycles. When the PVA was crosslinked, the 
contents of the syringes were placed into the phantom 
mold.

A second phantom containing only the background ma-
terial was manufactured to investigate whether there was 
any displacement effect when no SPIO nanoparticles were 
present. Because PVA, together with most biological tis-
sues, is weakly diamagnetic, it will be repelled by a mag-
netic field, whereas the opposite is true for a paramagnetic 
material [16]. Oldenburg et al. [17] suggested that a criti-
cal concentration of SPIO nanoparticles existed at which 
the force from the nanoparticles balanced the opposing 
force from the tissue. In other words, at larger concentra-
tions, the net response from the tissue volume will appear 
paramagnetic, and for lower concentrations diamagnetic. 
To extract the paramagnetic signal, they introduced a 
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phase filter, because in an alternating magnetic field, the 
para- and diamagnetic movements have opposite phase. 
Our objective, using the phantom free from nanoparticles, 
was to establish whether the diamagnetic effect was so 
large in our phantom material as to cause the out-of-phase 
movement we detected.

The elastic modulus of the phantom material was mea-
sured using the technique presented by Chen et al. [18], 
in which the relative material compression (strain) was 
measured simultaneously with the applied force over the 
sample area (stress).

D. Experimental Setup

All investigations were performed with a high-frequency 
ultrasound scanner, VisualSonics Vevo 2100 (VisualSonics 
Inc., Toronto, ON, Canada). The setup is shown in Fig. 
1. The phantom was positioned over a cone-shaped iron 
core surrounded by a solenoid (Ledex 6EC, Saia-Burgess 
Inc., Deerfield, IL), which induced a magnetic field when 
a current was applied. The electric signal to control the 
magnetic field strength was produced by a function gen-
erator (HP 33120, Agilent Technologies Inc., Santa Clara, 
CA), and amplified by a power amplifier (in-house design, 
3-dB bandwidth 6 to 20 000 Hz). The signal to the sole-
noid was monitored with an oscilloscope (Tektronix TDS 
360, Tektronix Inc., Beaverton, OR) and the voltage am-
plitude was adjusted to be constant over the investigated 
frequency range. The maximum magnetic flux density in 
our experiments, 0.18 T, occurred at a solenoid excitation 
of 4 Hz, 30 V, measured just above the iron-core tip using 
a gaussmeter (model 9200, F. W. Bell, Milwaukie, OR; 
transversal probe, type HTB92–0608).

The transducer, MS250 (13 to 24 MHz bandwidth, cen-
ter frequency 21 MHz; VisualSonics Inc., Toronto, ON, 

Canada), was positioned on the surface of the PVA phan-
tom, using ultrasound gel to provide acoustic contact. A 
sinusoidal voltage, with frequencies 4, 8, 12, and 16 Hz 
and magnitudes 10, 20, and 30 Vpp, was applied to the 
solenoid.

The ultrasound RF in-phase and quadrature (IQ) data 
forming the displayed B-mode images was collected using 
the Vevo 2100 research interface. The data was exported 
to Matlab (The MathWorks Inc., Natick, MA), where the 
algorithm was implemented. Two cineloops of two different 
cross sections were acquired for every frequency at every 
voltage in the nanoparticle-laden phantom to appreciate 
the homogeneity in the phantom. The RF capture frame 
rate was 100 frames/s, the imaging depth was 11.0 mm, 
the line density was 256 lines/frame and the number of 
samples per line was 304.

E. Frequency-Tracking and Phase-Sensitivity Algorithm

The nanoparticle displacement was tracked at each 
spatial position in the two-dimensional IQ-data cineloop. 
The magnetic nanoparticles oscillate with a frequency 
( f0), twice the frequency of the voltage applied on the 
solenoid [11]. The same frequency, f0, but with opposite 
phase, is expected in the phantom without nanoparticles 
if a diamagnetic response from the phantom material is 
present [17].

Let rI(x, y, m) + j rQ(x, y, m) (m = 1, 2, …, M) denote 
the IQ-data from a cineloop of M frames, as exported from 
the Vevo 2100 research interface. Here, rI denotes the real 
part and rQ the imaginary part, and the position in the 
image plane is given by the coordinates x (lateral direc-
tion) and y (axial direction).

The phase r(x, y, m) for each spatial position through-
out all frames was extracted from the argument of the re-
ceived IQ-data, r(x, y, m) = arg (rI(x, y, m) + j rQ(x, y, m)). 
After unwrapping, the phase was quadrature detected 
with f0:

 R x y m r x y m e I x y m jQ x y mj f m t( , , ) ( , , ) ( , , ) ( , , ),= × = +2 0π Δ    
  (1)

where Δt corresponds to the time interval between two 
frames. (Note that I and Q, as denoted here, are different 
from what is considered IQ-data in the RF-data acquisi-
tion.) To obtain the displacement magnitude at the fre-
quency f0 for each pixel, a mean value of the quadrature 
detected sequence R(x, y, m) was calculated. The mean 
value was used instead of a low-pass filter because we 
were interested in detecting the displacement magnitude 
at f0 only:

 R x y I x y jQ x y( , ) ( , ) ( , ).= +  (2)

The displacement magnitude, A(x, y), was then obtained as

 A x y R x y I x y Q x y( , ) ( , ) ( , ) ( , ) .= = +2 2
2 2

 (3)

Fig. 1. Schematic diagram of the experimental setup. In reality, the sole-
noid is contained in a cylindrical housing and the iron core is machine-
turned to fit inside the solenoid.
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To compare A(x, y) (i.e., at f0 only) with the total motion 
(i.e., displacement at all frequencies) in the phantom, the 
rms deviation of the phase r(x, y, m) was calculated, here-
after denoted rRMS. To make the numbers comparable, the 
displacement magnitude A was divided by a factor of 2 
(denoted ARMS).

Finally, the phase P in each pixel at frequency f0 was 
calculated as

 P x y
Q x y
I x y( , ) arg
( , )
( , ) .=

⎛
⎝
⎜⎜⎜

⎞
⎠
⎟⎟⎟  (4)

F. Evaluation

The detected displacement magnitude, phase distribu-
tion, and signal-to-clutter ratio (SCR) were calculated to 
evaluate the algorithm.

Both rRMS and ARMS were determined at four differ-
ent regions; within the three nanoparticle-laden inserts 
and between the 0.6-mg Fe3O4/mL and 0.45-mg Fe3O4/
mL inserts. All regions had areas of 9 × 9 pixels, which 
corresponded to 0.33 mm axially and 0.81 mm laterally. 
The mean values and standard deviations within these 
regions were calculated. The resulting measure (in radi-
ans) was then translated into micrometers, color-coded, 
and superimposed on the B-mode image. Two images were 
created; one in which all pixels representing displacement 
with frequency f0 were color coded, and a second in which 
only a phase interval of 2.3 rad, including all nanoparticle 
displacement, was color coded. Other pixel values were set 
to zero and plotted with B-mode grayscale information. 
Two additional images were created as a comparison; the 
total motion in the phantom, rRMS, was color coded and 
superimposed on the B-mode image as well as the phase 
information P for each spatial position.

The phase interval was chosen based on the time neces-
sary to acquire one frame. Because this was 10 ms (frame 
rate 100 Hz), it resulted in a time delay that caused the 
detected phase of the particle displacement to differ be-
tween the acquisitions of the first and last lines of the im-
age frame. In other words, the phase interval that needed 
to be covered corresponded to f0 divided by the frame 
rate, multiplied by 2π to obtain the result in radians. This 
meant that the maximum phase interval to be covered was 
2.1 rad (in the 16-Hz case), and the gate was chosen to 
slightly exceed this.

The SCR was calculated by dividing the average rRMS 
(or ARMS) value within the 9 × 9 pixel region from the 
0.6-mg Fe3O4/mL insert, by the value from the 9 × 9 pixel 
region between the nanoparticle-laden regions. The ratios 
were then converted to decibels. The differences between 
the phase and frequency sensitive images and the image 
of the total movement were taken as measures of improve-
ment resulting from the algorithm.

To investigate the displacements caused by diamagnetic 
forces, a measurement was made on the phantom without 
nanoparticles. I(x,y) and Q(x,y) were recorded in a 9 × 
9 pixel region using magnetic solenoid excitation voltage 

of 30 V at 4 Hz, and the 81 value pairs were plotted in a 
IQ-coordinate grid. As a comparison IQ-data pairs from 
9 × 9 pixel regions from the 0.6-mg Fe3O4/mL insert and 
from between the nanoparticle-laden regions, respectively, 
were plotted in the same fashion (from the 4 Hz, 30 V 
measurement #1).

III. Results

Fig. 2 shows a B-mode image of our phantom, in which 
the nanoparticle-laden regions are outlined and labeled. 
During our experiments, motion over the entire detected 
frequency range 0 to 50 Hz (half the frame rate) was pres-
ent in all parts of the phantom. This is shown in Fig. 3(a), 
where rRMS is color coded for the 4 Hz 30 Vpp measure-
ment. By employing quadrature detection at the nanopar-
ticle displacement frequency, motion at other frequencies 
is suppressed. At this frequency, motion is more apparent 
both in, and between, the nanoparticle-laden regions [Fig. 
3(b)]. However, by examining the phase at the nanopar-
ticle displacement frequency it is shown that nanoparticle-
laden regions are moving virtually with the same phase, 
whereas the regions between the nanoparticle-laden re-
gions move with opposite phase. This is shown in Fig. 
3(c) with a color-encoded representation of the relative 
phase of the displacement. The slight variation in detected 
phase between the left and the right part of the phantom 
is due to the scanning velocity as described in Section II. 
The effect of applying our frequency-tracked and phase-
discriminative algorithm is shown in Fig. 3(d). The SCR 
improvements for this measurement are 1.1 dB for the 
low-concentration insert and 8.0 dB for the high-concen-
tration insert between Figs. 3(a) and 3(b), and additional 
improvements of 22.0 and 22.0 dB between Figs. 3(b) and 
3(d). The large SCR improvements mainly result from all 
pixels outside the permitted phase range being set to zero. 
The areas immediately above and below the nanoparticle-
laden regions moved in-phase with the particles [Fig. 3(c)], 
thus making the nanoparticle-laden regions appear to be 
artificially elongated in the vertical direction [Fig. 3(d)].

Fig. 2. A B-mode image of the phantom in which two nanoparticle-
laden inserts are outlined and their concentrations noted. The lowest 
concentration insert (0.3-mg Fe3O4/mL) is not shown because there was 
no detectable displacement in the same phase range as the high-concen-
tration nanoparticle-laden inserts. The two nanoparticle-laden regions 
are labeled, I (0.60-mg Fe3O4/mL) and III (0.45-mg Fe3O4/mL), and the 
region between them without nanoparticles is labeled II.
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Table I summarizes all the measurements in the 
nanoparticle-laden phantom. Higher nanoparticle concen-
tration results in larger induced displacement magnitude 
(Fig. 4, showing the average of measurements from two 
cross sections). There were only a few pixels with detect-
able displacement in the same phase range as the high 
concentration nanoparticle-laden inserts for the 0.3-mg 

Fe3O4/mL insert, even at the measurement creating the 
largest displacement, which is the case shown in the Fig. 
4. The 0.3-mg Fe3O4/mL insert was therefore not included 
in the table.

The elastic modulus of the phantom material was mea-
sured to be 0.83 ± 0.13 kPa (mean ± standard error), 
which is within the same range as reported elastic modu-
lus values from the liver [18].

Throughout measurement series #1, an unwanted dis-
turbance was present in the setup at approximately 24 Hz 
caused by mechanical vibrations from an unknown source. 
This disturbance was effectively suppressed in all mea-
surements except in the 12 Hz case, where it coincided 
with the frequency of the nanoparticle displacement. The 
phase of the disturbance and that of the nanoparticle dis-
placement were almost identical, which made it difficult 
to distinguish between noise and the signal of interest, es-
pecially for the measurement at the lowest excitation am-
plitude. In the second measurement series, the unwanted 
disturbance occurred at 27 Hz, but because this frequency 
did not coincide with any of the detection frequencies, this 
disturbance was successfully suppressed.

Overall, the displacement magnitude increased with 
higher nanoparticle concentrations and voltages. This is 
demonstrated in Fig. 5, which shows the resulting displace-
ment magnitude in the three regions labeled I, II, and III 
(as denoted in Fig. 2), for different excitation frequencies 
and voltages. It can also be seen that the displacement 
magnitude in the region between the nanoparticle-laden 
inserts (region II), is in the same range as for the 0.45-mg 
Fe3O4/mL insert (region III). The displacement magni-
tude for the 0.6-mg Fe3O4/mL nanoparticle-laden insert 
(region I) is approximately five times larger than the 0.45-
mg Fe3O4/mL insert. There seems to be a difference in 
displacement magnitudes between the different cross sec-
tions in some of the cases.

Fig. 5 also illustrates a tendency for decreasing dis-
placement magnitude with increasing frequency.

Using our quadrature and phase gating algorithm, we 
are able to detect a nanoparticle displacement magnitude 
which is substantially smaller than the overall phantom 
motion. This is demonstrated in Fig. 6, where rRMS (dis-
placements at all frequencies) and ARMS (displacements 
at f0 only) are displayed for three different excitation volt-
ages for the 0.45-mg Fe3O4/mL insert.

There appears to be no detectable diamagnetically in-
duced displacement because measured values from the 
phantom without nanoparticles have a random phase and 
negligible magnitude, whereas values from regions within 
(region I) and between (region II) nanoparticle-laden in-
serts have a considerably higher magnitude with a pre-
ferred phase. This is shown in Fig. 7, where each measure-
ment value (I(x, y) Q(x, y)) from 9 by 9 pixel subareas 
are visualized in IQ-coordinate grids for three cases: Fig. 
7(a) is within the 0.60-mg Fe3O4/mL insert (region I), 
Fig. 7(b) is between the high-concentration nanoparticle-
laden inserts (region II), and Fig. 7(c) is in the center 
of the phantom without nanoparticles. All cineloops were 

Fig. 3. Color-coded images showing displacement magnitude and its 
phase across the image in Fig. 2, obtained at 4 Hz, 30 Vpp magnetic so-
lenoid excitation voltage. The color of each pixel represents the displace-
ment magnitude [Figs. 3(a), 3(b), and 3(d)] or phase [Fig. 3(c)] in that 
position and is coded according to the color bar beside each individual 
image. Note the different scales. (a) Total movement, rRMS, i.e., dis-
placements at all frequencies are color-coded; (b) frequency-tracked but 
phase-insensitive imaging, i.e., movement at f0 (in this case 8 Hz) is color 
coded; and (c) phase of the displacement across the B-mode image. No-
tice the approximate π rad phase difference between the displacements 
of the nanoparticle-laden inserts and the area between. A phase increase 
from left to right in the figure is appreciable. This is due to the scan-
ning velocity, as described in the Section II. (d) Frequency-tracked and 
phase-discriminative imaging, i.e., displacement was only color coded 
when occurring with frequency f0 and the phase difference was less than 
±1.15 rad relative to the center phase in the nanoparticle-laden regions.
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obtained at 4 Hz, 30 Vpp. Note the π rad phase shift be-
tween Figs. 7(a) and 7(b), including the small deviation 
resulting from the scanning velocity as described in Sec-
tion II-F.

IV. Discussion

We have proposed an algorithm that is able to calcu-
late the displacement at the precise frequency of inter-
est during magnetomotive ultrasound detection of SPIO 
nanoparticles, and suppress motion artifacts occurring 
at other frequencies. By applying this algorithm to data 
acquired with a high-frequency linear-array scanner, we 
have also shown that displacement is not only induced in 
the nanoparticle-laden regions but also indirectly outside 
those areas [see Fig. 3(b)]. By phase gating the detected 
frequency, the algorithm can also distinguish between 
these types of movement [Fig. 3(d)].

Previous studies using magnetomotive ultrasound on 
nanoparticle-laden phantoms [11], [13], [14] have neither 
included reports on indirectly induced displacement, nor 
on the influence of other motion artifacts. In our setup, we 

TABLE I. Summary of the Signal-to-Clutter Ratio (SCR) and Displacement Magnitudes for all Measurements  
in the Nanoparticle-Laden Phantom Using the MS250 Transducer. 

Measurement

SCR-0.6 mg  
Fe3O4/mL insert 

Total displacement  
magnitude to  

frequency detected  
displacement  
magnitude  

(dB)

SCR-0.6 mg  
Fe3O4/mL insert 

Frequency detected  
to phase  

discriminative  
displacement  
magnitude  

(dB)

Displacement  
magnitude (ARMS)  
0.45-mg Fe3O4/mL  

insert  
(μm) ± Std

Displacement  
magnitude (ARMS)  

between inserts  
(μm) ± Std

Displacement  
magnitude (ARMS)  
0.6-mg Fe3O4/mL  

insert  
(μm) ± Std

4 Hz 10 V 1 13 31 0.05 ± 0.09 0.04 ± 0.03 0.17 ± 0.07
4 Hz 10 V 2 6 ∞ 0.05 ± 0.02 0.09 ± 0.04 0.30 ± 0.11
4 Hz 20 V 1 9 37 0.11 ± 0.04 0.17 ± 0.15 0.67 ± 0.34
4 Hz 20 V 2 3 ∞ 0.13 ± 0.04 0.23 ± 0.07 0.82 ± 0.30
4 Hz 30 V 1 8 22 0.22 ± 0.06 0.28 ± 0.12 1.27 ± 0.39
4 Hz 30 V 2 2 ∞ 0.19 ± 0.06 0.29 ± 0.10 0.98 ± 0.40
8 Hz 10 V 1 10 14 0.03 ± 0.01 0.05 ± 0.05 0.17 ± 0.07
8 Hz 10 V 2 7 30 0.04 ± 0.03 0.08 ± 0.05 0.25 ± 0.09
8 Hz 20 V 1 8 20 0.09 ± 0.03 0.14 ± 0.10 0.58 ± 0.37
8 Hz 20 V 2 5 ∞ 0.12 ± 0.05 0.22 ± 0.08 0.76 ± 0.34
8 Hz 30 V 1 6 39 0.17 ± 0.11 0.20 ± 0.07 0.79 ± 0.42
8 Hz 30 V 2 2 ∞ 0.19 ± 0.07 0.31 ± 0.10 1.14 ± 0.64
12 Hz 10 V 1* — — — 0.17 ± 0.07 0.15 ± 0.08
12 Hz 10 V 2 5 31 0.04 ± 0.04 0.05 ± 0.03 0.21 ± 0.11
12 Hz 20 V 1 19 10 0.18 ± 0.05 0.04 ± 0.06 0.61 ± 0.28
12 Hz 20 V 2 2 40 0.08 ± 0.04 0.13 ± 0.04 0.55 ± 0.28
12 Hz 30 V 1 3 38 0.14 ± 0.05 0.28 ± 0.10 0.69 ± 0.53
12 Hz 30 V 2 3 ∞ 0.16 ± 0.09 0.26 ± 0.11 0.94 ± 0.35
16 Hz 10 V 1 7 20 0.03 ± 0.02 0.03 ± 0.02 0.10 ± 0.04
16 Hz 10 V 2 1 29 0.04 ± 0.08 0.04 ± 0.02 0.13 ± 0.09
16 Hz 20 V 1 6 28 0.05 ± 0.05 0.06 ± 0.03 0.19 ± 0.08
16 Hz 20 V 2 3 40 0.05 ± 0.03 0.11 ± 0.04 0.40 ± 0.18
16 Hz 30 V 1 6 40 0.06 ± 0.02 0.09 ± 0.05 0.34 ± 0.13
16 Hz 30 V 2 −3 ∞ 0.09 ± 0.04 0.15 ± 0.05 0.63 ± 0.41

Two sets of measurements were obtained for each frequency and voltage. Note that the infinite SCR values are due to all pixels in the region 
between the nanoparticle-laden regions representing movement with opposite phase, and are therefore set to zero.
*In the 12 Hz 10 V 1 measurement, it was difficult to distinguish between noise and signal because of a 24-Hz disturbance coinciding with the 
nanoparticle displacement.

Fig. 4. The mean of measurements from the two cross sections (each 
point represents the average displacement magnitude in a 9 × 9 pixel 
subarea) for frequency-detected and phase-gated displacement at the 
three concentrations of nanoparticles (0.30, 0.45, and 0.6 mg Fe3O4/
mL). The data are obtained at 4 Hz, 30 Vpp magnetic solenoid excita-
tion voltage and the mean standard deviation of the two measurements 
is marked with error bars.
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found that the displacement magnitude in media between 
two nanoparticle-laden inserts was in the same range as 
the displacement magnitude for the 0.45-mg Fe3O4/mL 
insert. However, there was a π rad phase shift between 
the nanoparticle-laden regions and the area between these 
regions when a sinusoidal voltage was applied on the so-
lenoid [see Fig. 3(c)]. Oldenburg et al. [17] have explained 
the presence of opposite phase displacements in MMOCT-
studies as a consequence of the diamagnetic response from 
diamagnetic media relative to paramagnetic nanoparticle-
laden regions. However, we did not find any detectable 
diamagnetic induced displacement in our phantom with 
no SPIO nanoparticles present. All measured displacement 
magnitudes were evenly distributed in the IQ-coordinate 
grid [i.e., with no preferred phase, Fig. 7(c)] indicating 

that diamagnetic displacement was hidden in the noise-
floor and cannot be detected. Instead, we hypothesize 
that the containment of our phantom in a mold might ex-
plain the large magnitude of the opposite phase displace-
ment, because the walls act as rigid boundaries. Because 
of conservation of mass, an induced upward displacement 
of nanoparticle-laden phantom material must be counter-
acted by a downward displacement of phantom material 
unaffected by the magnetic field. An indication that the 
hypothesis is correct can be seen in Fig. 3(d), which shows 
that magnetomotive displacement is transmitted into the 
background material, i.e., there is a vertical displacement 
above and below the inserts. The magnetomotive signal is 
affected by the presence of a boundary, as we showed in a 
recent publication [19]. Another explanation to the out-of-

Fig. 5. The frequency detected displacement magnitude (ARMS) in the nanoparticle-laden regions (region I and III in Fig. 2) and in the area between 
the nanoparticle regions (region II in Fig. 2), using the MS250 (10 to 25 MHz) transducer as a function of applied voltage to the solenoid. Each 
point represents the average displacement magnitude in a subarea (9 × 9 pixels). The standard deviation is marked with error bars on the highest 
and lowest measured value for each voltage. There are two measured values at each concentration of nanoparticles, representing measurements at 
two different cross sections in the phantom.
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phase movement might be shear wave generation. For an 
unbounded medium, nanoparticle displacement will pre-
sumably induce a shear movement in the same manner as 
was reported for acoustic radiation force imaging (ARFI) 
[20]. Interestingly, the displacement magnitudes reported 
from ARFI measurements are very similar to those re-
ported in our study. The process of shear wave generation 
is, however, unclear in our case, foremost because of the 
lack of connection (glue or chemical bonding) between the 
background material and the inserts, but it is also unclear 
if the generated wavelength is short enough to need to be 
considered in our setup. Whether the out-of-phase dis-
placement is noticeable in vivo is still an open question, 
but it is likely that the phase carries important informa-
tion here also, because the elastic properties of tissue are 
similar to our phantom and because tissue interfaces can 
act as semi-rigid boundaries (bone, fat, etc.).

The demonstrated reduction of undesired displace-
ments is a crucial step enabling the application of mag-
netomotive imaging of nanoparticles in preclinical and 
clinical investigations. The median SCR improvement 
using phase-gated and frequency-detected displacement 
magnitude compared with total movement (rRMS) of all 
measurements was found to be approximately 36 dB. Note 
that some SCR values are set to infinity when all pixels 
from region II in the phase gated image have been set to 
zero, because all of these pixels move out of phase com-
pared with the nanoparticle-laden regions. This can also 
explain the large variability in the SCR values.

The nanoparticle displacement decreased when the fre-
quency of the magnetic field increased. One explanation 
might be that the energy of the wave motion is propor-
tional to both the displacement magnitude and frequency 

squared. Because the applied energy was kept constant, 
the displacement magnitude must decrease with frequen-
cy. Other explanations include frequency-dependent losses 
in the amplifier, the solenoid, and the iron core. However, 
all frequencies were detectable, thereby providing suffi-
cient opportunity to change the excitation frequency in 
case of an interfering disturbance. For example, in the first 
measurement series, interference at approximately 24 Hz 
was observed (which most likely corresponds to the eigen-
frequency of the measurement setup, i.e., all components 
involved in holding the phantom, transducer, etc.).This 
made the detection difficult when the excitation frequency 
was 12 Hz, but did not impede detection at other frequen-
cies. A difference in displacement magnitude can be seen 
by comparing two different cross-sections in the nanopar-
ticle-laden phantom. This difference is probably due to a 
non-uniform distribution of SPIO-nanoparticles.

As shown previously by Mehrmohammadi et al. [14], a 
higher voltage or nanoparticle concentration results in a 
larger induced displacement magnitude. This result was 
confirmed in our study. Mehrmohammadi et al. [13], [14] 
and Oh et al. [11] used a conventional scanner or a single-
element transducer, and we have now demonstrated simi-
lar results with a high-frequency linear-array transducer 
for preclinical imaging.

It is noteworthy that displacement magnitudes well 
below the noise floor can be detected. The background 
noise level was found to be around 0.5 μm, and this is the 
detection limit if the total movement rRMS is taken as a 
measure of displacement (Fig. 6). When the magnetically-
induced nanoparticle displacement magnitude is under the 
limit, the phase-tracking algorithm can still detect dis-
placements having the right frequency and phase. It even 
shows that the detected displacement magnitude increases 
linearly with applied excitation voltage (Fig. 5).

Mehrmohammadi et al. demonstrated a considerably 
larger displacement in their nanoparticle-laden phantoms 
[14] than we were able to show. One explanation might 
be that their phantom was free floating in a water tank, 
whereas our phantom was contained in a mold with rigid 
walls. Other explanations could be differences between the 
nanoparticles employed in the respective studies, or dif-
ferences in elastic or viscous properties of the phantom 
material. The measured magnetic field strength was sub-
stantially lower in our case as compared with the values 
reported in Oh et al. [11] and Mehrmohammadi et al. [13], 
[14]. However, the magnetic gaussmeter probe averaged 
the measurement over a comparably large area (1.75 by 
1.75 mm), and the reported value is likely far from the 
maximum field strength, because the tip of the iron core 
produces a strong gradient. Details of the field measure-
ment in the studies of Oh and Mehrmohammadi are miss-
ing, but given the measurement situation with a strongly 
in-homogeneous field, it is not unlikely that a smaller ac-
tive magnetic probe area will produce a higher value. Be-
cause our field generator is equivalent to theirs, we find 
it likely that the field strength differences between our 
setups are less than our measurement indicates.

Fig. 6. The mean of measurements from the two cross sections (9 × 9 
measured displacement magnitude values each) for the total movement, 
rRMS (open squares), and frequency detected displacement magnitude 
ARMS (open triangles), respectively, in the 0.45-mg Fe3O4/mL concentra-
tion insert at the three different voltages. The magnetic field excitation 
frequency was 4 Hz.
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The displacement with opposite phase as noticed by 
us is likely to be smaller in a free-floating phantom or in 
a large object, even though it is presumably a noticeable 
effect as particles are attracted to the point where the 
field emanates (i.e., not along parallel lines). On the other 
hand, induced shear waves resulting from nanoparticle dis-
placement may also be present. In any case, the algorithm 
will suppress displacement artifacts at other frequencies, 
and will also suppress displacement tendencies that are at 
the desired frequency but have a phase that is outside a 
given interval. However, the parts of the potential shear 
wave (or other wave type) that have a phase not within 
the phase interval we choose to suppress will be displayed 
as a magnetomotive signal.

A difficulty with our setup was that we could not at-
tach the phantom to the ultrasound transducer; instead, 
the phantom was partially supported by the cone-shaped 
iron core. This meant that the whole phantom and the 
mold might move with the same frequency and phase as 
the iron core, which would have presented as a problem 
had we not taken advantage of the phase detection algo-
rithm. Because the displacement created from the mag-
netic field is apparently larger than that of the core, the 
algorithm can distinguish the nanoparticle displacement.

The present study confirms the threshold effect ob-
served by Mehrmohammadi et al. [14]. The high-con-
centration nanoparticle-laden insert (0.6-mg Fe3O4/mL) 
moved around five times more than the 0.45-mg Fe3O4/
mL concentration insert and no displacement at all was 
detected in the 0.3-mg Fe3O4/mL insert (see Fig. 4). Old-
enburg et al. [17] argued that diamagnetism could cause 
a threshold effect. However, as shown in Fig. 7(c), no dia-
magnetic effect could be measured in our setup. Another 
explanation might be that an internal resistance resulting 
from the viscoelastic properties of the phantom material 
must be overcome before the particles in the phantom 
can start to move. It appears from Figs. 5 and 6 that the 
displacement magnitude increases with voltage but that 
the increase does not start at 0 V. Extrapolation shows 
that a voltage between 2 and 5 V is needed to initiate 
displacement, further pointing in the direction of an ef-
fect similar to an internal resistance being the cause. This 
may, in turn, be dependent on material parameters as well 
as phantom design.

Another factor that may influence the nonproportional 
relationship between concentration and displacement is 
the inhomogeneous magnetic field distribution in the im-
age plane. As a consequence, the magnetomotive force will 
vary over the imaged cross section. Thus, the absence of 
displacement in the lowest concentration insert may also 
be due to it being farthest from the magnet or the thresh-
old effect noted previously. Evaluation of this is not within 
the scope of this study. Finally, a difference in mechanical 
coupling between the inserts and the background material 
cannot be ruled out, even though the B-mode image in 
Fig. 2 shows a minimal mismatch in mechanical proper-
ties at the boundary because of the absence of an echo 
and shadow.

Fig. 7. The figure displays measurement values (I(x, y) Q(x, y)) from 9 × 
9 pixel subareas from three cases: (a) region I in Fig. 2 (0.60-mg Fe3O4/
mL insert); (b) region II in Fig. 2 (the area between the high-concen-
tration nanoparticle-laden inserts); and (c) the center of the phantom 
without nanoparticles. Each panel displays the 81 I(x, y) Q(x, y) pairs in 
an IQ-coordinate grid, where the displacement magnitude can be inter-
preted as the distance from each data point to the origin, and its phase, 
P, as the angle to the abscissa. Note that the scale on the axes is given 
in radians, where 2π radians correspond to one wavelength at the center 
frequency of the imaging transducer. All measurements were obtained at 
4 Hz, 30 Vpp magnetic solenoid excitation voltage.
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A limitation of this method is the possible generation 
of heat by the particles as they are exposed to a magnetic 
field [21]. Heat generation may damage the surrounding 
tissue in in vivo measurements; thus, further investiga-
tion into heat generation for varying exposure times is 
necessary before in vivo use. On the other hand, local-
ized heating of tumor tissue using targeted nanoparticles 
may present a possible advantage, by combining diagnosis 
and therapy [22]. Another problem that may occur when 
using this technique is insufficient displacement of par-
ticles within tissue resulting from inadequate concentra-
tion and/or magnetic field strength as demonstrated in 
the 0.3-mg Fe3O4/mL insert. Improvements of the mag-
netic field strengths (e.g., changing solenoid) and of the 
nanoparticles (e.g., increasing the nanoparticles’ suscepti-
bility) must be considered.

V. Conclusion

To our knowledge, we have for the first time used a 
high-frequency ultrasound scanner to evaluate the dis-
placement in a SPIO-nanoparticle-laden phantom, en-
abling higher measurement sensitivity. During magneto-
motive detection, we have shown displacement artifacts 
that have not been previously reported. We have ad-
dressed this issue by developing an algorithm based on 
quadrature detection and phase gating at the frequency of 
interest. The demonstrated algorithm effectively enhances 
regions containing SPIO nanoparticles, a crucial property 
for in vivo measurements.
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Abstract—In magnetomotive ultrasound (MMUS) imaging 
superparamagnetic iron oxide nanoparticles (NP) are used as 
contrast agents and a time-varying external magnetic field acts to 
move the particles and thereby the nanoparticle-laden tissue. 
Recently we proposed a frequency and phase sensitive algorithm 
to reduce motion artifacts. However, the method is not 
quantitative as the particle movement induced is dependent not 
only on the field strength, but also on the field gradient, plus 
material parameters. Here we assess the measured nanoparticle 
movement across the image plane in comparison with simulations 
of the magnetic force, to evaluate the potential for image 
normalization of magnetic field effects. We found that the 
movement decreased with distance to the iron core tip, from 
which the magnetic field was extending, and approaches zero at 
the transducer face. This finding did not coincide with the 
simulation and may make it difficult to enable quantification. 
The coefficient of variation between measurements on the 
homogeneous phantom was typically in the order of 15% for all 
frequencies, indicating the expected accuracy for quantitative 
measurements. 

Keywords- multimodal imaging; molecular imaging; contrast 
agents; magnetic field normalizations; quantitative measurements 

I.  INTRODUCTION  
Molecular imaging is the labeling of contrast agents for 

different imaging techniques with appropriate tumor/tissue 
specific markers, e.g. antibodies, enabling changes occurring 
on a cellular or molecular level to be detected. This is expected 
to have a major impact on e.g. detection of cancer and 
cardiovascular disease, individualized treatment, drug 
development, as well as our understanding of how disease 
arises [1,2]. 

The development of molecular imaging for ultrasound 
contrast agents has not reached as far as for other imaging 
techniques such as MRI, PET and optical imaging techniques. 
The foremost reason is that conventional ultrasound contrast 
agents are confined to the vascular system, as they are 
comprised of micrometer-sized bubbles [3]. The fact that 
ultrasound contrast agents are relatively large bubbles, also 
mean a difficulty to attach to a target, as the shear force from 
the blood tends to drag the bubble away. New types of contrast 
agents would likely increase the possible molecular imaging 
applications for ultrasound [4]. 

In 2006 Oh et al proposed a new technique called 
magnetomotive ultrasound (MMUS) imaging which made it 
possible to detect superparamagentic ironoxide nanoparticles 

(NP) with ultrasound [5]. This type of particles have been used 
as MRI contrast agents for more than one decade and are small 
enough to be used as molecular imaging probes [6]. The 
MMUS imaging technique is built on the same key principle as 
Magnetomotive OCT (MMOCT) first demonstrated in 2005 
[7]. A time-varying magnetic field applied to the volume where 
the nanoparticles are deposited induces a displacement of the 
magnetic particles, and thereby their surrounding. For MMUS 
imaging this movement can be detected with traditional 
Doppler techniques [5], M-mode techniques [8] quadrature 
detection with the frequency of the oscillating nanoparticles 
[9], or correlation techniques with a pulsed (or sinusoidal) 
magnetic field [10]. 

However, none of these methods are quantitative as the 
particle movement induced by the external magnetic field is 
dependent not only on the field strength, but also on the field 
gradient, plus material parameters. Here we assess the 
measured nanoparticle movement across the image plane in 
comparison with simulations of the magnetic force, to evaluate 
the potential for image normalization of magnetic field effects. 

II. MATERIAL AND METHODS 

A. The nanoparticles 
The nanoparticles (Genovis AB, Lund, Sweden) were made 

of solid iron oxide cores of Fe3O4, which were coated with 
polyethylene glycol (PEG, molecular weight 2000-4000g/mol) 
to stabilize the suspension. The diameter of the particles was 
measured to be 18 ± 2 nm, including coating, using trans-
mission electron microscopy (TEM). The magnetic saturation 
of the nanoparticles was approximately 80 emu/g Fe3O4.
  

B. The phantom 
The phantom was made of 5% by weight polyvinyl alcohol 

(PVA), to act as a tissue-mimicking material. The crystallized 
PVA (average Mw 85,000-124,000, 98-99% hydrolyzed, 
Sigma-Aldrich, USA) was dissolved in MilliQ water in an 
autoclavable glass bottle sealed with a polypropylene plug and 
put in a Nüve FN300 oven at 95 °C for 2 hours. When the PVA 
was completely dissolved, 30 mg graphite (Graphite, Merck 
KGaA, Darmstadt, Germany) per milliliter solution was added 
to act as the scattering media in the ultrasound image. The PVA 
solution was poured into a tube containing SPIO nanoparticles 
in the concentration needed to form a solution of 0.45mg iron 
oxide/ml. The solution in the tube was mixed and poured into a 
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rectangular phantom mold which underwent two freeze-thaw 
cycles to crosslink the mixture. The rectangular phantom 
(2x1.5x1 cm) was then taken out of the mold and put in a latex 
wrap together with ultrasound gel. The latex wrap was used 
make it possible to attach the phantom to the ultrasound 
transducer. 

C. Experimental setup 
The measurements were made with a high-frequency 

ultrasound scanner, VisualSonics Vevo 2100 (VisualSonics 
Inc., Toronto, ON, Canada). The setup is shown in Fig. 1. The 
phantom in the wrap was taped to the transducer (MS250, 10–
25 MHz bandwidth, transmit center frequency 21MHz) 
together with ultrasound gel to provide acoustic contact. The 
phantom was then positioned over a cone-shaped iron core 
surrounded by a solenoid (Ledex 6EC, Saia-Burgess Inc., 
USA), which induced a magnetic field when a current was 
applied. Ultrasound gel was applied to the tip of the iron core 
to make it visible in the ultrasound image.  The electric signal 
to control the magnetic field strength was produced by a 
function generator (HP 33120, Agilent technologies, Santa 
Clara, CA, USA), amplified by a power amplifier (in-house 
designed, 3dB bandwidth 6-20000 Hz). The signal to the coil 
was monitored with an oscilloscope (Tektronix TDS 360, 
Tektronix Inc, Beaverton, OR, USA) and the voltage amplitude 
was adjusted to be constant over the investigated frequency 
range. The maximum magnetic field strength was measured 
just above the iron-core tip using a gaussmeter (FW Bell 9200, 
Litho, USA, transversal probe, type HTB92-0608) to be 0.18 T.  

A sinusoidal voltage, with frequencies 5, 10 and 15 Hz and 
magnitudes 10, 20, and 30 Vpp, was applied to the solenoid. 
Three different cross sections were obtained for every 
frequency at every voltage. The radio frequency in-phase 
quadrature (RF IQ) image cine loop data was collected and 
exported to Matlab™ R2009a (MathWorks Inc., Natick, MA, 
USA), where our frequency-tracking algorithm was 
implemented. The RF capture frame rate was 100 frames/s, the 
imaging depth 20.0 mm, the line density 256 lines/frame, and 
the number of samples per line was 456.  

D. Frequency-tracking and phase-gating algorithm 
The algorithm calculated the amplitude of the movement in 

each pixel at frequency f0, the frequency with which the 

nanoparticles oscillates (twice the frequency of the voltage 
applied on the solenoid). The algorithm is earlier partly 
described [9], but repeated here in short..   

Let rIQ(x, y, m) (m = 1, 2, …, M) denote the IQ-data from a 
cineloop of M frames, where (x,y) (x:lateral, y:axial) 
corresponds to the coordinates of a position in the image plane. 
The phase r(x,y,m), for each spatial position throughout all 
frames was calculated by taking the argument of the IQ-data, 
r(x,y,m) = arg(rIQ(x,y,m)) and was then quadrature detected 
with f0: 

 
 (1) 

where Δt corresponds to the time interval between two frames. 
To obtain the amplitude at the frequency f0 for each pixel, a 
mean value of the quadrature detected sequence R(x,y,m) was 
calculated.  

 (2) 

The amplitude in radians, was then given as 

A(x, y) = . (3) 
To obtain the movement in micrometers, the following relation 
was used  

Aµm(x, y)=  (4) 

where fc is the center frequency of the transducer and c is the 
speed of sound in the phantom (1540 μm/s). 

E. Evaluation 
To evaluate the magnetic field distribution a color-coding of 

the phantom with regard to displacement was made when the 
excitation voltage applied on the solenoid was 30Vpp and 
5Hz. A mean value for three different cross sections was 
calculated for each pixel after correlating the iron core´s tip in 
the different images.  

To illustrate how the displacement decrease with distance 
from the tip, a graph was made showing the mean movement 
in micrometer along the vertical ultrasound line extending 
from the tip of the iron core to the transducer. Each line in the 
graph illustrates the mean value of three ultrasound lines, each 
from a different cross section of the phantom. Before an 
averaged line was calculated the ultrasound line extending 
from the tip in two of the cross sections was resampled and 
interpolated to make the lines equal in length. The reduction in 
length compared to the uninterpolated length was 3.9 
respectively 9.8%.  As a comparison a simulation of the 
magnetic force (field strength times it gradient) for a 
corresponding situation was also performed in COMSOL 
Multiphysics and the centerline over the tip was included in 
the graph.  

A normalization of the mean movement along the line 
extending from the iron core tip (sample 50:250), for the 5Hz 
measurement was done, using the mean 5Hz 30Vpp 
measurement. 

The influence of solenoid excitation frequency on the 

 

 

Figure1: Experimental setup 
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displacement was also investigated. For each of the five most 
centered ultrasound lines over the iron core tip in each cross 
section, the mean values of the displacement were calculated. 
This was done for the three cross sections with same solenoid 
excitation voltage and frequency, and a mean value and a 
standard deviation was computed. To indicate the accuracy for 
quantitative measurements the coefficient of variation was 
calculated as this mean value divided by the corresponding 
standard deviation. 

III. RESULTS 
Fig. 2(A) shows an image color-coded with regard to the 

amplitude of the measured displacement, Aµm, in the phantom. 
The amplitude in each pixel is a mean value of three 
measurements. Due to the uniform distribution of nanoparticles 
and graphite in the phantom the figure also represents the 
impact of the magnetic field distribution in the phantom. The 
magnet is located at the bottom center, and the transducer along 
the top. The maximum movement was 2.9 μm and is color-
coded as white. The figure indicates that the displacement in 
the phantom decreases with increasing distance to the tip of the 
iron core.  

The solid lines in Fig. 2(B) displays the movement along 
the vertical ultrasound line extending from the tip of the 
magnet for three excitation voltages, 10, 20, and 30 Vpp, all at 
5Hz. Each line is mean of three measurements. The dotted line 
illustrates the simulated magnetic force (magnetic field times 
its gradient), and is scaled to fit in the figure. Overall, the 
movement decreases with expanding distance from the iron 
core tip and approaches zero at the transducer face. The graph 
also shows an increasing movement with higher voltages. 

Fig. 2(C) illustrates the normalized movement along the 
line extending from the iron core tip (sample 50:250), for 
different voltages, at 5Hz. Each square is a mean of three 
measurements. The averaged 5Hz 30Vpp measurement serves 
as normalization value and the standard deviation is marked 
with errorbars. The graph shows that the displacement scales 
linear with applied voltage above a threshold voltage of 
approximately 4V.  

Fig. 2(D) shows a graph where the mean movement along 
the five most centered lines over the iron core tip is plotted 
against the excitation frequency applied on the solenoid. The 
plot shows the average of three cross sections (with five mean 
value each) and the standard deviation of these measurements. 

The coefficient of variation between measurements on the 
homogeneous phantom was typically in the order of 15%. 

IV. DISCUSSION 
To take magnetomotive ultrasound imaging one step closer 

to be a quantitative imaging technique we have investigated the 
induced displacement in a PVA phantom with a homogeneous 
distribution of magnetic nanoparticles and graphite during 
excitation of a time-varying magnetic field. Independent of 
applied field strength the movement was largest just above the 
iron core tip, from which the magnetic field was produced, and 

decreased to be zero at the edges of the phantom. The latter fact 
suggests that the transducer and latex wrap act as rigid 
boundaries for particle movement. Away from the boundaries 
the magnetic force appears to be dominant. The zero movement 
at the boundaries may pose a problem for quantification in vivo 
and further investigations are needed to determine the origin of 
the phenomenon. 

The simulation of the magnetic force coincided well with 
the measurements a small distance from the tip of the iron core 
but closest to the tip the simulation and measurement differ. 
The simulated magnetic force seems never to reach zero, while 
the measurements reach zero at the phantom boundary. The 
absence of the transducer interface as well as the lack of a 
recoiling force in the simulation probably causes this 
difference. 

 The movement of the nanoparticles decreased when the 
frequency of the magnetic field increased. One explanation 
might be that the energy of the wave motion is proportional to 
both the displacement and frequency squared. As the applied 
energy was kept constant, the displacement will need to 
decrease with frequency. Other explanations include frequency 
dependent losses in the amplifier, the coil, and the iron core. 
However, all frequencies were detectable, thereby providing 
sufficient opportunity to change the excitation frequency in 
case of an interfering disturbance.  

We had anticipated a decrease between the 10 and 15Hz 
measurements, but this may be explained as a statistical 
variation since the standard deviation is quite high. 

As expected the displacement of the particles increased 
with an increased excitation voltage on the solenoid, higher 
amplitude on the magnetic field creates higher amplitude on the 
displacements. The displacement scaled linearly with applied 
solenoid voltage, above a threshold voltage (approximately 
4V). This threshold voltage has been described previously [10].  

The coefficient of variation between measurements on the 
homogeneous phantom was in the order of 15%, indicating the 
accuracy for quantitative measurements.  

V. CONCLUSION 

In this study we have taken a first step to make MMUS 
imaging quantitative. The movement in a PVA phantom with a 
uniform distribution of SPIO-NPs has been examined for 
different excitations voltages and frequencies applied on the 
solenoid creating the magnetic field. The results show that the 
movement decreases with an increasing distance from the tip of 
the iron core from which the magnetic field is extending, and 
the movement decreases to zero at the edges of the phantom. 
This zero movement did not coincide with the simulation of the 
magnetic force and is probably due to the transducer and the 
latex wrap in which the phantom is placed and that act as rigid 
boundaries. Similar boundary conditions are likely to appear in 
vivo and may pose a problem for future quantization of MMUS 
images.  
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Figure 2. (A) A MMUS image of the phantom with displacement in color-code. The tip of the iron core, from which the magnetic filed is extending, is located at 
the bottom center, and the transducer is positioned along the top. The maximum movement was measured to be 2.9 μm and is color-coded as white. Note the 
1mm bar in the top right corner. (B). The movement along the vertical ultrasound line extending from the tip of the iron core for three voltages, all at 5Hz. Each 
solid line is a mean of three measurements.  The dotted line represents the simulated magnetic force (field times its gradient) and is scaled to fit in the figure. (C) 
Normalized mean movement (each square: three measurements) along the line extending from the iron core tip, for different voltages at 5Hz. Standard deviation 
is marked with errorbars. (D) Mean displacement along the five most centered ultrasound lines extending from the tip. Each square represents a mean of three 
cross sections (with five mean values each, one value from each ultrasound line). The solenoid excitation voltage was 30Vpp. The standard deviation of the mean 
from the five most central image lines from the three cross sections is marked with errorbars. 
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Abstract—Detection and removal of sentinel lymph nodes 
(SLN) is important in the diagnosis and treatment of cancer. 
The SLN is the first regional lymph node draining the primary 
tumor, and if the cancer has spread, it is most likely to find 
metastases in the SLN. In this study, we have for the first time 
been able to image the very same contrast agent, superpara-
magnetic iron oxide nanoparticles (SPIO-NPs), in rat SLNs 
by using both our frequency- and phase-gated magnetomo-
tive ultrasound (MMUS) algorithm and conventional magnetic 
resonance imaging (MRI); MMUS post mortem, MRI in vivo. 
For both higher NP-concentration and smaller NPs, we found 
that the MMUS data showed a larger magnetomotive displace-
ment (1.56 ± 0.43 and 1.94 ± 0.54 times larger, respectively) 
and that the MR-images were affected to a higher degree. 
The MMUS displacement also increased with lower excitation 
frequency (1.95 ± 0.64 times larger for 5 Hz compared with 
15 Hz) and higher excitation voltage (2.95 ± 1.44 times larger 
for 30 V compared with 10 V). The results show that MMUS 
has potential to be used as bedside guidance during SLN sur-
gery, imaging the same particles that were used in prior stag-
ing with other imaging techniques.

I. Introduction

Breast cancer and malignant melanoma spread main-
ly through the lymphatic system. If the cancer has 

spread, it is most likely to find metastases in the senti-
nel lymph node (SLN), the first lymph node draining the 
primary tumor [1]. The current gold standard method to 
find the SLN is lymphoscintigraphy, where a gamma cam-
era (before surgery) and a gamma probe (during surgery) 
are used to image 99mTc-labeled nanometer-sized colloids 
that have been injected sub-dermally or peri-tumorally. A 

blue dye may then be injected before surgery to visualize 
the SLN intra-operatively [2]. When the SLN is found, 
it is removed by invasive surgery and cancer infiltration 
is examined using histology during ongoing surgery. The 
lack of precise anatomic information in the scintigraphic 
images and the nonspecificity of the tracer, however, often 
limit the preoperative planning and the identification of 
the SLN to the experience of the surgeon in the current 
technique [1]. To achieve a more precise SLN localization, 
increasing interest and research efforts have been directed 
to find alternative contrast agents in the past years [3].

Metal-based nanoparticles are currently being exten-
sively used as imaging contrast agents [4]. Because of their 
small size, it is possible to follow biological events on a 
molecular level, a key to earlier detection of diseases and 
understanding how diseases arise [5]. Superparamagnetic 
iron oxide nanoparticles (SPIO-NP) can be observed by 
MRI as signal voids in the MR image and have been ap-
proved as MRI contrast agents for more than a decade [4]; 
SPIO-based contrast agents have also shown promising re-
sults in different applications for identifying metastases in 
the reticuloendothelial system, including the liver, spleen, 
and lymph nodes [6]–[9].

Recently, it has been shown that it is possible to de-
tect SPIO-NP-laden SLNs with MRI, SPECT, and op-
tical techniques in the same animal [10]. By combining 
the best property of each imaging modality, an improved 
identification and localization of the SLN will be achieved, 
and thereby there is potential for improved diagnosis for 
spread of e.g., breast cancer and malignant melanoma. For 
instance, combining high anatomical MRI resolution with 
high sensitivity and quantitative SPECT will increase the 
possibility of ensuring a more accurate localization of the 
SLN before surgery. During surgery, more portable tech-
niques can be used as a guide, visualizing the very same 
contrast particles [10].

Ultrasound, being cost-effective and portable, is an ex-
cellent candidate as an intra-operative guide, but the SPIO 
particles are too small to be imaged directly with conven-
tional ultrasound equipment and new imaging strategies 
are needed. One solution is to utilize the magnetic prop-
erties of SPIO particles to obtain image contrast. Olden-
burg et al. were the first to demonstrate a magnetomotive 
imaging technique, using optical coherence tomography 
[11]. By virtue of a time-varying magnetic field, induced 
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particle movement is used to differentiate particle-laden 
tissue, as particles also move their immediate surround-
ings. In 2006, Oh et al. showed that it was possible to 
detect the magnetomotive displacements from SPIO-NP-
laden tissue using ultrasound [magnetomotive ultrasound 
(MMUS)]. The displacement was then detected by proper 
processing of ultrasound data [12]. Lately, the group has 
detected SPIO-NPs directly injected in a tumor using the 
maximum displacement after application of a magnetic 
impulse [13], [14].

Recently, we developed an MMUS algorithm which 
tracks displacements through the phase variation of the 
ultrasound radio-frequency in-phase and quadrature (RF-
IQ) data. It is based on quadrature detection and phase 
gating at the precise frequency of nanoparticle displace-
ment, and the processed signal is then color-coded and 
superimposed on the B-mode image. The advantage of 
this algorithm is the effective suppression of unwanted 
movements at other frequencies. The algorithm has shown 
promising results in phantom studies but has not yet 
been verified in animals [15]. If successful imaging can be 
achieved, this opens a vast array of pre-clinical applica-
tions and shows the potential for MMUS to be used in 
vivo as a bedside surgical guide.

The objective of this study was to explore the possi-
bilities of multimodal SPIO-NPs in rat SLNs using both 
MMUS and MRI (MMUS post mortem, MRI in vivo) in 
a clinically relevant animal model. Specifically, it was in-
vestigated under what conditions presence of adequate 
MMUS signal can be established in an animal model; we 
have examined how different particle sizes and injected 
concentrations of NPs affect the MMUS and MRI images, 
as well as how various magnetic field excitation frequen-
cies and voltages in the MMUS setup affect MMUS dis-
placement. Finally, the effect of iron core tip location in 
the MMUS setup (where the magnetic field extends from) 
relative to the SLN was investigated.

II. Materials and Methods

A. Nanoparticles

The superparamagnetic iron oxide nanoparticles used 
in this study (Geccodots AB, Lund, Sweden) had two dif-
ferent sizes; 31 and 67 nm, measured by dynamic light 
scattering. Both types consisted of 11-nm solid iron oxide 
cores of Fe3O4 (magnetite) which were coated with poly-
ethylene glycol of varying molecular weight. The produc-
tion protocol is described by Kjellman et al. [16]. The 
magnetic saturation of nanoparticles was approximately 
80 emu/g Fe3O4.

B. Animal Studies

The model studied was a clinically relevant model, 
showing drainage through the lymphatic system, as well 
as accumulation of particles in the sentinel lymph node, 
the first lymph node that drains the injection site. We 

chose to inject contrast agent subcutaneously on the dor-
sal side of the right hind paw (A in Fig. 1), whereby the 
agent after sufficient time and activity of the animal, is 
accumulated primarily in the popliteal node, located at 
the posterior surface of the right knee (B in Fig. 1) [16], 
[17]. For these experiments, 24 h were allowed between 
injection and imaging. During this period, the animals 
were free to move about in their cages. The contralateral 
leg acted as a control in animal 6 (sentinel lymph node C 
in Fig. 1).

Eight female Wistar rats (six weeks old, normally 
grown) were, under anesthesia, injected with 0.1 mL of 
NP solution, four with 31-nm NPs and four with 67-nm 
NPs. Two concentrations of the NPs were used; 0.3 and 
3 mg of iron/mL; each concentration and particle size 
was given to two animals, as shown in Table I. The 0.1-
mL dose of 0.3 mg Fe/mL corresponded approximately 
to 0.15 mg of iron/kg of body weight of the animal. Al-
though not directly comparable because of different iron 
oxide core sizes, it is in the same range as was previously 
used subcutaneously in the literature [18], whereas intra-
venous doses are higher, also for humans [19].

Twenty-four hours post injection, the animals were an-
aesthetized with isoflurane and T2*-weighted MR-images 
were acquired (3D gradient echo, TE 6 ms, TR 27 ms, 
field of view: 60 × 50 × 50 mm, pixel resolution: 234 × 
234 × 468 μm; 2.4T Bruker Avance II system, Bruker 
Corp., Billerica, MA). Animals were kept warm using hot 
air and respiration and rectal temperature was monitored 
(SA Instruments Inc., Stony Brook, NY).

After MR imaging, the animals were sacrificed and 
their hind legs were shaved to allow optimal contact with 
the ultrasound probe, after which MMUS imaging with 
a high-frequency ultrasound system (VisualSonics Inc., 
Toronto, ON, Canada) was performed. A schematic dia-
gram of the MMUS setup can be seen in Fig. 2. Each 
rat was positioned between the transducer, MS550D (25 
to 35 MHz bandwidth, center frequency 32 MHz; Visu-

Fig. 1. Schematic sketch of the animal with relevant sites. A 0.1-mL NP 
solution was injected subcutaneously on the dorsal side of the right hind 
paw (A). After 24 h, nanoparticles had accumulated in the popliteal 
node, located at the posterior surface of the right knee (B). The contra-
lateral leg acted as a control in animal 6 (sentinel lymph node, C).
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alSonics Inc.), and a solenoid (Ledex 6EC, Saia-Burgess 
Inc., Deerfield, IL) with a cone-shaped iron core, imaging 
the popliteal lymph node (SLN), proximal to the injec-
tion site. The solenoid was excited with various voltages 
(10, 20, 30 Vpp) and frequencies (5 to 15 Hz, in steps of 
2.5 Hz). A function generator (HP 33120, Agilent Tech-
nologies Inc., Santa Clara, CA) produced the electric sig-
nal which controlled the magnetic field strength and the 
signal was subsequently amplified by a power amplifier 
(in-house design, 3-dB bandwidth, 6 to 20 000 Hz). The 
signal to the solenoid was monitored with an oscilloscope 
(Tektronix TDS 360, Tektronix Inc., Beaverton, OR) and 
the voltage amplitude was adjusted to be constant over 
the investigated frequency range. The maximum magnetic 
flux density in the experimental setup was measured at 
dc-current to be 0.18 T just above the iron-core tip using 
a gaussmeter (model 9200, F. W. Bell, Milwaukee, OR; 
transversal probe, type HTB92–0608) [15]. This value de-
creases with frequency for constant driving voltage (−20% 
at 5 Hz, compensated for bandwidth limitation, to −35% 
at 15 Hz), and also distance from the tip.

By using the Vevo 2100 research interface, the RF-
IQ data could be collected and exported to Matlab (The 
MathWorks Inc., Natick, MA), where our frequency- and 
phase-gating algorithm was implemented. In short, this 
consists of retrieving the phase of the received IQ-data for 
each spatial position throughout all frames. After unwrap-
ping, the phase is quadrature detected with the frequency 
of particle motion and low-pass filtered (averaged). The 
displacement rms-magnitude is finally found as twice the 
length of the phasor spanned by the quadrature compo-
nents.

For each animal, one cross section for each voltage and 
frequency was collected when the iron-core tip was po-
sitioned directly under the SLN. To investigate how the 
inhomogeneous magnetic field affected the MMUS dis-
placement, different positions of the iron core tip in rela-
tion to the SLN were also studied. Two additional cross 
sections for each rat were obtained at 5 Hz, 30 V; one 
when the iron-core tip was positioned on average 3.5 mm 
horizontally to the left of the SLN and a second on aver-
age 3.5 mm horizontally to the right (ranges 3 to 4 mm). 

The frame rate used in all measurements was 100 Hz, and 
each cineloop contained 300 frames.

All studies were conducted in accordance with the 
Swedish guidelines for the use and care of laboratory ani-
mals.

C. Evaluation

To evaluate our algorithm’s capability to sort out 
MMUS displacement in the NP-laden SLN, signal-to-clut-
ter ratios (SCR) were calculated. The lymph nodes were 
outlined manually from the B-mode images only to avoid 
operator bias due to the presence of MMUS-signal. After 
calculation of an average MMUS displacement for both 
the outlined lymph node and the rest of the pixels in the 
ultrasound image, an SCR was obtained as the ratio of 
the average displacement in the lymph node with that in 
the surrounding pixels in the ultrasound image. Five dif-
ferent images for each rat were created: from the 3D-MRI 
data set, one axial projection of the popliteal lymph nodes 
(SLN) in both the right and the left leg was selected to 
investigate the presence of NP accumulation in the SLN in 
the injected leg; one grayscale B-mode ultrasound image 
of the SLN in the injected leg, and finally, three color-
coded images which were superimposed on the B-mode 
image: one showing the total motion at all frequencies, an-
other one showing the phase distribution, and one showing 
the frequency- and phase-gated MMUS displacement (rms 
value, as shown in [15]).

The relationship between the average MMUS displace-
ment in the SLN and the applied solenoid excitation 
frequency and voltage amplitude, respectively, were also 
evaluated for each rat and displayed in graphs. The same 
relationships were also investigated and displayed for the 
control lymph node in rat 6.

III. Results

There was a loss of information in the RF-IQ ultra-
sound data during the measurement of rat 4, which made 
it impossible to process the data. The measurement was 
consequently excluded from the study.

Figs. 3(a)–3(e) displays the SLN in rat 1 (injected 
with 100 μL of 0.3 mg/mL solution of 31-nm NPs, excita-
tion voltage on the solenoid in the MMUS setup; 30 Vpp, 
5 Hz), Fig. 3(f) shows the control side of animal 6 (also for 
30 Vpp, 5 Hz). The accumulation of SPIO-NPs in the SLN 
can clearly be seen in Fig. 3(a) because of the void of sig-
nal in the T2*-weighted MR image, whereas no such sig-
nal void can be seen on the control side. In Fig. 3(c), the 
total displacement over the entire frequency range (0 to 
50 Hz, half the frame rate) is shown as color code super-
imposed on the B-mode image. In line with previous phan-
tom studies [15], a phase difference of π radians was found 
between the lymph node and the surrounding fat capsule 
when the phase distribution at the detected frequency was 
examined [Fig. 3(d)]. By applying our algorithm, displace-
ments with different frequencies and phases other than the 

TABLE I. Summary of the Different NP Concentration  
and NP Size Which Were Given to Each Rat  

in the 100-μL Injections. 

Rat
Concentration 

(mg of iron/mL)
Size of the 
NP (nm)

1 0.3 31
2 0.3 31
3 0.3 67
4* 0.3 67
5 3 31
6 3 31
7 3 67
8 3 67

*In this measurement there was a loss of information in the RF-IQ 
ultrasound data which made it impossible to process the data; the 
measurement is therefore excluded from the study.
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MMUS displacement can be filtered out, resulting in Fig. 
3(e). Compare with Fig. 3(f), where the same procedure is 
applied to the control side of animal 6 where no SPIO-NPs 
are present. The displacement magnitudes [Figs. 3(c) and 
3(e)] and phase distribution [Fig. 3(d)] can be read from 
the color bars and the displacements are in the same order 
as in previous phantom studies. Note the different scales.

The signal-to-clutter ratio in the case depicted in Fig. 
3(e) was 18.1 dB compared with an average of 10.4 dB, 
standard deviation ± 1.9 dB, for all measurements.

When the iron core tip was positioned directly under 
the SLN, a tendency of increasing displacement with de-
creasing solenoid excitation frequency was found in the 
MMUS-images, as well as an increased displacement with 
increasing excitation voltage. This could be seen in all 
seven rats (Fig. 4). The average displacement for all 5-Hz 
measurements was 1.95 ± 0.64 times larger than com-
pared with the average for 15 Hz. In the same way, the 
average displacement was 2.95 ± 1.44 times larger when 
comparing measurements for which the voltage was in-
creased from 10 V to 30 V. For clarity, error bars are not 
included in Fig. 4, but the sample standard deviation of 
the data points are on the order of magnitude as seen in 
Figs. 5 and 6. Each data point is an average of thousands 
of pixels (range 4000 to 17 000), which makes the standard 
error considerably smaller.

The MR-signal is, in most cases, completely diminished 
by the iron oxide, in the dose range used in this study. 
A higher concentration of iron gives a larger void, some-
times well exceeding the area occupied by the lymph node. 
It is therefore difficult to speak of MR signal changes in 
more than in a qualitative way. What can be said is that 
for both a higher NP-concentration and smaller NPs, the 
MR-images were affected to a higher degree (Fig. 7), and 
the MMUS images showed a larger displacement. In Fig. 
5, this is illustrated for the 5 Hz, 30 Vpp case, where mean 
displacement and sample standard deviation for all ani-

Fig. 2. Schematic diagram of the magnetomotive ultrasound setup. The 
solenoid produces a time-varying magnetic field that acts to move the 
superparamagnetic nanoparticles that are lodged in the sentinel lymph 
node. The resulting movement is detected with ultrasound using a cus-
tom-implemented algorithm.

Fig. 3. (A) A T2*-weighted MR image of the popliteal nodes of a rat injected with 100 μL of 0.3-mg/mL solution of 31-nm NPs. SPIO-NP ac-
cumulation can be seen in the SLN in the right knee (arrow) because of the lack of MR signal. On the control side, no NPs are detected. The bar 
in upper-right corner indicates 5 mm. (B) A B-mode ultrasound image of the NP-laden SLN; note the higher spatial resolution compared with the 
MRI image. The SNL is outlined with a white border [also in panels (C)–(F)]. (C) The total magnetomotive displacement, i.e., the displacement at 
all frequencies; (D) the phase distribution at the detected frequency; and (E) the frequency and phase-discriminative magnetomotive displacement. 
(F) The frequency- and phase-discriminative magnetomotive displacement seen in the control animal. The color-coding represents magnetomotive 
displacement (C), (E), and (F), and phase (D), respectively, according to the color bars. Note the different scales. The ultrasound images were ob-
tained at 5 Hz, 30 V solenoid excitation. From the phase map (D), it can be seen that the magnetomotive displacement of NP-laden tissue induces 
a counteracting motion with opposite phase in tissue surrounding the lymph node, effectively suppressed by the algorithm (E). The signal-to-clutter 
ratio in the case depicted in (E) was 18.1 dB.
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mals at 30 Vpp, 5 Hz are plotted. The displacement in-
crease for all animals and excitation parameters was on 
average 1.56 ± 0.43 times for the higher concentration 
and 1.94 ± 0.54 times larger for smaller particles. In Fig. 
7, the accumulation in (a) rat 2 injected with 0.3 mg/mL 
of 31-nm NPs, (b) rat 5 injected with 3 mg/mL of 31-nm 
NPs, and (c) rat 7 injected with 3 mg/mL of 67-nm NPs 
can be seen. Rat 5, injected with a high concentration of 
31-nm NPs, shows a higher signal void compared with rat 

2, which was injected with a lower concentration of 31-nm 
NPs. Rat 5 also shows a higher signal void compared with 
rat 7, which was injected with larger particles but the 
same concentration as rat 5.

Fig. 4. The magnetomotive displacement in each animal, for various solenoid excitation voltages and frequencies. A tendency of decreasing displace-
ment with increasing solenoid excitation frequency can be seen, as well as an increased displacement with increasing excitation voltage. The graphs 
also show a larger displacement for both higher NP-concentration and smaller NPs. The sample standard deviations are left out for clarity, but have 
typically magnitudes as seen in Figs. 6 and 7. 

Fig. 5. The magnetomotive displacement amplitude for each rat at 5 Hz, 
30 V. A larger displacement for both higher NP-concentration and small-
er NPs can be seen. The error bars indicate sample standard deviation.

Fig. 6. The graph shows the magnetomotive displacement amplitude in 
rat number 6 (injected with 100 μL of 3 mg/mL solution of 31-nm NPs). 
(a) Results from the popliteal lymph node in the leg which was injected 
with SPIO-NPs and (b) from the contralateral control leg which had no 
SPIO-NPs injected. (a) shows a typical magnetomotive displacement 
behavior, i.e., an increased displacement with lower excitation frequency 
at the solenoid, whereas (b) shows no frequency behavior. The error bars 
indicate sample standard deviation.
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No indication of any MMUS displacement could be 
found for the lymph node in the control animal (rat 6), 
only a background noise displacement was found at the 
detected frequency and phase. Further, there was no de-
pendency between MMUS displacement magnitude and 
excitation frequency and/or voltage, which were present 
in all the other measurements where NPs were present. 
This can be seen in Fig. 6 where the MMUS displacement 
in the control lymph node is compared with the MMUS 
displacement in the NP-laden SLN in the same animal. 
The error bars indicate sample standard deviation.

The position of the iron core tip in relation to the SLN 
had an impact on the MMUS displacement according to 
Fig. 8. The displacement was on average 1.99 ± 1.16 times 
larger when the tip was positioned directly under the SLN 
compared with when the tip was positioned 3 to 4 mm 
horizontally to the left and 1.53 ± 0.36 times larger when 
it was positioned 3 to 4 mm horizontally right.

IV. Discussion

In this study, we have shown that it is possible to detect 
the same SPIO-NPs in rat lymph nodes with both MRI 
(in vivo) and MMUS (post mortem), as illustrated in Fig. 
3. The MMUS imaging was enabled using our previously 
developed algorithm [15]. The algorithm filters out mo-
tion artifacts, leaving only the desirable MMUS signal, 
which is converted to color code and superimposed on the 
B-mode image, efficiently enhancing the NP-laden lymph 
node [Fig. 3(e)]. Compared with MRI, which has a disad-
vantage of not being quantitative (the signal disappears 
for a large enough concentration of iron oxide), MMUS 
holds the promise to be a quantitative tool for detection 
of SPIO-NPs.

In Fig. 3(d), it can be seen that the MMUS displace-
ment of the NP-laden SLN induces a counteracting mo-
tion with a π-rad phase shift in tissue surrounding the 
lymph node. This out-of-phase displacement was distinct 

in our previous phantom studies [15], but it was uncer-
tain whether it would exist in an animal or was a result 
of the phantom design. Oldenburg et al. [20] have earlier 
explained this π-rad phase shift as a consequence of dia-
magnetic response from the media not containing super-
paramagnetic particles, but we could detect only minute 
movement with no preferred phase when SPIO-NPs were 
absent, both in our phantom study [15] and in this animal 
study. We argue instead that the phase shifted displace-
ment is due to the mechanical coupling; an upward move-
ment in the lymph node is counteracted by a downward 
movement in surrounding tissue. To what extent magne-
tomotive motion affects surrounding media is subject to 
further investigation.

The MMUS displacement dependency on frequency 
and solenoid excitation voltage as well as NP concentra-

Fig. 7. The image shows the accumulation of SPIO-NP in the SLN in (a) rat 2, (b) rat 5, and (c) rat 7. From the image, it can be seen that a stron-
ger signal void is present when a higher concentration of NPs is injected [compare (b) and (a)] and when smaller NPs is injected [compare panel (b) 
and panel (c)].

Fig. 8. The figure shows a boxplot of the average magnetomotive dis-
placement amplitude in the SLNs for all seven rats for three different 
iron core tip positions in relation to the SLNs; when the tip is positioned 
directly under the lymph node and when it is positioned 3 to 4 mm to 
the left (respectively the right). The solenoid excitation was 5 Hz, 30 V. 
It can be seen from the graph that the displacement is affected by the 
tip position, because the displacement is higher when the tip is placed 
directly below the SLN.
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tion has previously been shown in phantoms [15], [21]. 
Just as in those studies, an increased MMUS displacement 
was found when the excitation voltage on the solenoid in-
creased and when the frequency decreased. The decrease 
with frequency is most likely caused by the solenoid’s in-
creasing impedance with frequency. We do not exclude 
the possibility of this also being a contribution from the 
viscoelastic response of tissue, but at this point we have 
no evidence for this being the case. As expected, we also 
recorded an increasing displacement magnitude for the 
higher concentration.

A threshold effect restricting the particles to move at 
lower voltages has been indicated earlier [15], [21]. To 
overcome this threshold effect, the NP concentration and/
or voltage applied on the solenoid can be increased and/or 
the frequency decreased. In this study, it was possible to 
detect MMUS displacements at all settings, showing that 
the parameters used were large enough to overcome the 
assumed threshold for this application.

When a smaller NP size was used, a larger MRI and 
MMUS response could be seen. The reason for this is 
probably that the smaller particles accumulate faster in 
the SLN compared with the larger particles [16]. Note that 
the core size, and thereby iron content, is the same for 
small and large particles—it is only the polyethylene gly-
col coating that affects the total particle size. This justifies 
the assumption that MRI and MMUS response scales with 
the number of particles.

As seen in Fig. 6, the lymph node that acted as con-
trol (in rat 6) did not show any frequency- or voltage-
dependent displacement. Furthermore, the phase map for 
the control lymph node measurements showed a random 
phase distribution over the lymph node. This was ex-
pected because no SPIO-NPs were present and no MMUS 
displacement was likely to exist. The magnetomotive re-
sponse in the contralateral lymph node was considerably 
higher, though significance levels are not provided because 
the pixel values were not normally distributed. Because 
of the large number of pixel values, still, a test for differ-
ence comparing a NP-laden lymph-node with the control 
for each frequency shows high statistical significance (p-
values are practically zero) in all cases.

As the iron core tip was displaced sideways relative to 
the SLN, the MMUS displacement decreased. This was ex-
pected because of the inhomogeneous magnetic field which 
extends from the cone-shaped iron core. The result is in 
line with previous phantom studies [22] and shows that it 
is desirable to place the tip as close to the SLN as possible, 
and apply compensation for the magnetic field for quan-
titative measurements. The design with a magnetic field 
generator on the opposite side of the ultrasound transduc-
er will naturally pose a challenge for a clinical translation. 
Current efforts focus on a solution in which the magnetic 
field can be applied from the same side as the ultrasound 
probe, similar to the design that recently was suggested 
by Pope et al. [23]. It is also crucial to show the validity of 
the technique in live animals, which includes the choice of 

a suitable magnetic field frequency that does not interfere 
with any physiological activity, such as heart rhythm.

Because of the post mortem nature of these experi-
ments, there were no artifactual movements (breathing, 
heart beats, etc.) to interfere with magnetomotive motion. 
Therefore, the results are not directly translatable to an in 
vivo situation, but certainly the results of this study point 
in the direction that MMUS has potential as a stand-
alone modality for other imaging applications aside from a 
pre-operative guide for the surgeon during SLN detection 
and removal, such as stem cell tracking and cardiovascular 
research.

V. Conclusion

In this study, we have for the first time shown truly 
multimodal imaging by detecting SPIO-NPs in rat sen-
tinel lymph nodes using both MRI and MMUS imaging. 
Further, we have established magnetic excitation param-
eters for successful MMUS imaging in a preclinical SLN 
model by using our recently developed frequency- and 
phase-gated algorithm.
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2.1. Imaging setup and processing 

2.2. Phantom model 

 
Figure 1. The magnetomotive ultrasound setup as used in the experiments.   



 
 
 
 
 
 

2.3. Animal model 

2.4. In silico 

2.4.1. Model. 

 

 
Figure 2. A graphical representation of the simulation situations for the phantom measurements 
(panel A) and post mortem animal lymph node situation (panel B). A coneshaped iron core is 
centered within a circuar coil. On top of the iron core the phantom (panel A) consisting of 
polyvinylalcohol can be seen, as well as its three inserts containing different concentrations of SPIO 
NPs. To the right the post mortem case. Here, the coneshaped iron core can be seen in the lower 
part of the figure. The lymph node can be seen as a sphere within the triangular region (green) 
mimicking the fat capsule surrounding the lymph node. 



 
 
 
 
 
 

2.4.2. Simulations of Magnetic field and Structural mechanics 
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Figure 3. Illustrations of the caculated B-field (A), its gradient (B) and the resulting force (C). In 
(D) the force field in (C) has been masked to allow force acting on the material only in the regions 
corresponding to the nanoparticle laden inserts. 



 
 
 
 
 
 

 
Figure 4. Material response at two points, in the center of the phantom (top row), and in-between 
the two rightmost inserts (bottom row). The left panels show the precis locations of the sample points 
(red dots), while the rightmost show the displacements att the corresponding points. 
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Figure 5. Detected magnetomotive motion in the experiment (A) and simulation (B and C). Color 
indicates displacement in the vertical direction, with a scale according to the color bar. In C the arrows 
show the direction of the displacement, where the size of the arrow indicate the magnitude of the 
displacement at the given location. The black open triangle below the center insert indicates the 
position of the iron core tip fro which the magnetic field is extending. 



 
 
 
 
 
 

Figure 6. Detected magnetomotive motion in the simulation (A and B) and the experiment (C and 
D). The arrows in panel A show the direction of the displacement, where the size of the arrow 
indicate the magnitude of the displacement at the given location In panel B, color indicates 
displacement in the vertical direction, with white as maximum displacment. Displacment can be 
seen both in the lymph node and in the fat capsule. Panel C shows the phase distribution at the 
nanoparticle frequency overlaid as a color code on the ultraosund image. A MMUS image is shown 
in panel D. Only displacment with the same frequency and phase (± 0.35 radians) as the 
nanoparticle frequency is color coded according to the colorbar to the right. Both in panel A and 
C, a phase shift of approximately  radians can be seen between the SPION-laden lymph node 
and its closest surrounding can be seen. 
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Abstract—The drive to gain a better understanding of how 
diseases arise and how to provide ever-earlier detection are some 
of the key factors for the development of molecular imaging. 
Compared to other imaging modalities ultrasound has not 
received the same attention for molecular imaging mainly due to 
its limited contrast resolution, together with contrast agents 
confined to the intravascular space. To overcome these issues, 
new nano-sized contrast agents and new ultrasound imaging 
techniques e.g. photo acoustic imaging, have been developed.  
Another such imaging technique under development is 
magnetomotive ultrasound imaging (MMUS). We have 
previously developed a frequency and phase tracking algorithm 
which is able to detect superparamagnetic iron oxide 
nanoparticles (SPIO NPs) using MMUS, where our suggested 
first clinical application is to detect sentinel lymph nodes (SLNs) 
in breast cancer surgery.  Recently we have shown detection of 
SPIO laden rat SLNs in situ. Here we present the feasibility of in 
vivo detection of SLNs in rats. The algorithm clearly pinpoints 
the NP laden SLN, even in presence of significant artefactual 
tissue movement. The magnetomotive displacement increased 
when a higher voltage was applied on the coil creating the 
magnetic field (e.g. 56.6% increasing the voltage from 20V to 
50V). An uneven concentration distribution of NPs in the SLN 
was found. The maximum magnetomotive displacement 
difference between two different cross sections in one SLN was 
9.76 times. The study also showed that for a higher concentration 
of NPs a lower magnetic coil excitation voltage could be used in 
order to create a magnetomotive displacement of a certain 
magnitude. The result from this in vivo study shows that the 
method has potential for future clinical use.     
 
Keywords-Magnetomotive ultrasound imaging; molecular imaging 
sentinel lymph nodes; in vivo imaging; contrast agents; multimodal 
imaging 

I.  INTRODUCTION  

Molecular imaging has through the last decades gained an 
increasing focus in the medical imaging community. The 
possibility to detect changes and abnormalities on a cellular or 
molecular level is expected to open up the feasibility of earlier 
detection of diseases, better understanding how diseases arise, 
an individualized treatment, and a more precise follow up [1]. 

Ultrasound, being a cost effective, non-radiating imaging 
technique with a wide accessibility should be a well-
considered choice in many imaging applications. But due to its 
limited contrast resolution conventional ultrasound cannot be 
used to image molecular events directly, and commercial 
contrast agents also limit applicability to intravascular events. 
In an effort to overcome these limitations, different contrast 
agents and alternative imaging approaches have been 
developed [2]. 

In 2006 magnetomotive ultrasound (MMUS) imaging was 
introduced by Oh et al. The main idea is to apply a time 
varying magnetic field to a volume where superparamagnetic 
iron oxide nanoparticles (SPIO-NPs) are deposited. The 
magnetic nanoparticles will thereby start to move in response 
to the field, and an induced movement of their surrounding 
will follow. This movement is possible to detect with 
conventional ultrasound [3]. Due to their small size, the 
particles are small enough to be used for molecular imaging of 
extravascular events. 

We have previously developed a motion artefact robust 
algorithm which is able to detect this movement [4] and most 
recently we have proven it to successfully image SPIO-laden 
sentinel lymph nodes (SLN) in rats in situ [5]. The SLN is the 
first lymph node which drains a primary tumor region, and it 
is of special therapeutic interest, particularly in cases of breast 
cancer and malignant melanoma. Since one of the main routes 
for cancer spread is via the lymphatic system, tumor 
infiltration in the SLN means a higher probability for further 
metastatic spread, and therefore the need to locate and 
examine the SLN. In the same study we also showed a 
multimodal capability of the particles, as the same NP-laden 
SLNs were detected with both MRI and MMUS. Still, it is 
uncertain whether it is possible to use MMUS in vivo which is 
fundamental for future clinical use.  

In this paper we have studied NP-laden SLNs in rats in 
vivo. Our aim was to find whether it was possible to filter out 
the nanoparticle displacement and suppress unwanted motion 
artefacts as e.g. heart beats and respiration. Further, to 
evaluate our results, we have also investigated how the 
magnetic field excitation voltage affect the nanoparticle 
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movement, calculated signal-to-clutter ratios and observed 
how the particles are distributed within the SLN.  

II. MATERIAL AND METHODS 

A. Nanoparticles 

The superparamagnetic iron oxide nanoparticles (SPIO 
NPs) (GeccoDots AB, Lund, Sweden) used in this study 
consisted of a Fe3O4 iron core coated with polyethylene glycol 
(PEG) to make the particles biocompatible and to prevent 
aggregation. The SPIOs iron core size were 10 ± 2nm and 
measured by dynamic light scattering the particles 
hydrodynamic diameter were 40 ± 5nm. The magnetic 
saturation was 80 electromagnetic units/g Fe3O4. 

B. In vivo study 

Three 6-weeks-old female Wistar rats were injected 
subcutaneously on the dorsal side of their right hind paw with 
0.1 mL SPIO NP solution. The injections were given in three 
different concentrations; 0.1, 0.2, 0.3 mg iron oxide/ml, one 
for each animal.  24 hours post injection the animals were 
anaesthetized with isofluorane and the popliteal lymph node 
(SLN), proximal to the injection site was scanned with the 
MMUS setup. All studies were performed in compliance with 
the Swedish regulations for the conduct of laboratory animals. 

C. Expermental setup 

For each animal the location of the SLN was positioned 
between a transducer, MS550D (25–35 MHz bandwidth, center 
frequency 32 MHz; VisualSonics Inc., Toronto, ON, Canada), 
and a solenoid with an iron-core (in-house design) producing a 
time varying magnetic field. A 5 Hz AC-voltage was applied 
on the solenoid and varied between 5-60 V, in steps of 5 V. A 
function generator produced the electric signal which was 
subsequently fed to a power amplifier (in-house design) to 
generate sufficient magnetic field strength. The magnetic flux 
density measured at 60 V, 7 mm above the iron core of the 
solenoid using a hallsensor was 0.28 mT. Using the 
Visualsonics Vevo 2100 research interface the radio frequency 
in-phase quadrature (RF-IQ) data could be collected. The data 
was then exported to Matlab (The MathWorks Inc., Natick, 

MA), where our algorithm was implemented, and processed 
offline.  

D. Evaluation 

The magnetomotive displacement in the lymph node, i.e. 
the displacement at the precise frequency and phase (± 0.35 
radians) of the NPs, was calculated using our previously 
developed algorithm [4]. For each animal this was done for all 
voltages (5-60 V, in steps of 5 V) and for six different cross 
sections. The cross sections were obtained at 60 V, 5 Hz and 
three of the planes were taken along the longitudinal axis (the 
longest dimension) of the SLN, and three planes orthogonal to 
those. The lymph node in which the magnetomotive 
displacement was calculated, was outlined in the B-mode 
image. The total movement, i.e. displacement at all 
frequencies was also calculated. Finally Signal-to-Clutter-
Ratios (SCR), defined as magnetomotive displacement 
magnitude in all the pixels in the SLN divided by that in the 
rest of the pixels in the ultrasound image, were calculated. 

III. RESULTS 

The SPIO-NP laden sentinel lymph nodes in all three rats 
were successfully imaged using our MMUS frequency and 
phase-gated algorithm.  

The SLN and its surrounding fat capsule in the right knee of 
animal 3 is imaged in Fig. 1. The solenoid excitation was 35 
V, 5Hz. Panel 1A shows a B-mode image where the SLN is 
outlined. Panel. 1B shows the total movement in the 
ultrasound image at the entire frequency range (0-25 Hz, 
framerate 50 Hz) and at all phases (-  – ). The color coding 
represents displacement. Panel 1C is obtained by employing 
our algorithm, the MMUS image shows only the pixels 
moving with the same frequency and phase (± 0.35 radians) as 
the NPs. The magnetomotive displacement is superimposed as 
color code on the B-mode image. Note that the difference of 
the maximum displacement is more than 150 times larger for 
panel 1B than 1C and observe the bright area to the left of the 
SLN in panel 1B, stemming from pulsatile motion of the 
popliteal artery. As the heart rate of the animal is 
approximately 7 Hz, this signal is effectively suppressed. The 
SCR in panel 1C was 23.3 dB.  

 
 

Fig. 1. The SLN in rat 3 injected with 0.3 mg Fe/ml when the magnetic field excitation voltage was 5 Hz 35 V. (A) A B-mode image where the SLN is outlined. 
(B) The total movement, i.e. movement at all frequencies and phases is superimposed as a color code on the B-mode image. The white area to the left of the 
SLN is the popliteal artery. (C) A MMUS image of the SLN. Pixels moving with the same frequency and phase as the NPs are color coded according to 
displacement.  Note the scales, the maximum displacement is more than 150 times larger in panel B than panel C. The SCR in panel C was 23.3 dB. 



 

Fig. 2 shows a series of MMUS-images for animal 2. The 
images show the resulting magnetomotion with magnetic field 
excitation voltages ranging between 10-60 V in 10 V 
increments. The color scale is equal for all images to aid 
comparison between images. The color bar was adjusted to 
accommodate displacements up to 0.8 m, while pixels 
showing a larger displacement were set to 0.8 m (white). As 
expected and seen previously, higher voltages resulted in 
larger magnetomotive displacement [4, 5].     

In Fig. 3 the excitation voltage is plotted versus the mean 
magnetomotive displacement in the SLNs for the three 

animals. Also this graph follows the same pattern as Fig. 2; a 
higher voltage induces a larger displacement. The mean (± 
standard deviation) magnetomotive displacements for the 
three animals (conc. 0.1, 0.2 and 0.3 mg Fe/ml) were 0.10 ± 
0.16 m, 0.18 ± 0.19 m and 0.17 ± 0.16 m respectively. 

The mean SLN magnetomotive displacement in the six 
different cross sections obtained in each animal is plotted in 
Fig. 4. The solenoid excitation was 5 Hz 60 V. It can be seen 
that it varies not only between the different subjects but also 
among the different cross sections in each lymph node.  The 
mean (± standard deviation) magnetomotive displacements for 
the animals were 0.07 ± 0.14 m for animal 1 (0.1 mg Fe/ml), 
0.25 ± 0.23 m for animal 2 (0.2 mg Fe/ml) and 0.18 ± 0.20 m 
for animal 3 (0.3 mg Fe/ml). Note that some of the cross 
sections show more or less no magnetomotive displacement. 
The ratios between the cross sections with the maximum and 
minimum magnetomotive displacement were calculated to 
6.87, 2.12 and 9.76 for animal 1, 2 and 3, respectively. 

 Fig. 5 shows a graph of SCR versus excitation voltage for 
all three animals. The SCR increases with voltage up to 20-30 
V where it stabilizes. The mean SCRs for the three rats were 
15.54 ± 5.21 dB for animal 1, 17.35 ± 6.89 dB for animal 2 
and 16.78 ± 6.24 dB for animal 3. 

IV. DISCUSSION 

In this in vivo study we have shown that it is feasible to 
detect SPIO NP-laden sentinel lymph nodes in Wistar rats 
using our frequency and phase sensitive MMUS-algorithm. 
The algorithm’s ability to pick up the magnetomotive 
displacement enables detection of NP displacement on a sub 
micrometer level and motion artefacts from e.g. blood flow, 
which is order of magnitudes larger, can effectively be filtered 

Fig. 2. MMUS images of the SLN in rat 2, injected with 0.2 mg Fe/ml, obtained at six different excitation voltages; 10, 20, 30, 40, 50 and 60V. To give the 
ability to compare the magnetomotive displacement at different voltages, the color scale is identical for all images with the brightest color corresponding to a 
displacement magnitude of 0.8 m. All pixels showing larger displacements were set to 0.8 m. It can be seen from the images that the MMUS signal increases 
with a higher magnetic field voltage. 
 

 
 

Fig. 3. The mean nanoparticle displacement magnitude in the outlined SLN 
area for the three rats as a function of applied magnetic field excitation 
voltage. A higher voltage results in a larger displacement magnitude. The 
graph indicates that if the concentration of NPs is increased, a lower 
excitation voltage is needed to get the same displacement magnitude.  
 



 

out (see Fig 1). When the magnetomotive displacement is 
superimposed as a color code on the B-mode image the 
algorithm clearly pinpoints location of NPs. 

As in previous reports [4, 5] a positive relationship between 
an increased magnetic field excitation voltage and a larger 
magnetomotive displacement can be seen. The result of this is 
illustrated in both in Fig. 2 and Fig. 3 Some measurement 
values e.g. animal 1 at 40 V and animal 3 at 25 V differs 
substantially from measurements at adjacent voltages. With 
the limited amount of data in this pilot study we cannot find 
any obvious explanation for this. Perhaps it may be a 
consequence of some resonance or interference phenomenon 
of the various tissue motions within the rat/lymph node [6].  

An increase in MMUS signal was also expected for higher 
NP concentrations. Here animal 2, injected with the medium 
concentration of NPs, had a slightly larger mean displacement 
than the high concentration animal 3. This indicates an inter-
subject variation in SPIO-NP uptake in the SLN and/or an 
uneven distribution of the NPs throughout the SLN, which has 
also previously been reported by Kjellman et al [7]. The varied 
mean magnetomotive displacement within the different cross 
sections in the same SLN similarly points to an uneven NP 
distribution within the SLN.  

When comparing the ratios between the cross sections with 
the maximum and minimum magnetomotive displacement 
within each SLN, animal 3 had the highest ratio. It was 1.4 
times larger than animal 1 and 4.6 larger than animal 2.  This 
shows that animal 3 probably had the most heterogeneous 
distribution of NPs throughout the SLN.  

The SCR increases with voltage but beyond 20-30 V the 
SCR stabilizes (Fig. 5). One explanation for this could be that 
20-30 V may be the threshold value where all NPs are set in 
detectable motion. An even higher excitation voltage would 
only increase the magnetomotive displacement magnitude, 
both in and outside the SLN as the NP displacement 
propagates from the SLN into the surrounding tissue (see Fig. 
2). The stabilization of the SCR would be a result of an equal 
contribution of increased displacement in and outside the 
SLN.  

The large SCRs values show that the algorithm is able to 
differentiate the NP-laden SLNs from their surrounding which 

is crucial for the technique to make clinical translation. There 
are still many practical issues to obtain a better understanding 
how different parameters affect the displacement and detection 
SPIO NPs in the SLN. Additional measurements of for 
instance the NPs distribution within the SLNs have to be 
performed. 

V. CONCLUSION 

In this study we have shown that it is possible to detect 
magnetomotive nanoparticle induced displacement in vivo in 
rat sentinel lymph nodes. Though the magnetomotive 
displacement is small and the motion artefacts from the heart 
and blood flow are substantial larger, our algorithm is able to 
extract the magnetomotive displacement and provide a clear 
representation were the SPIO NP laden sentinel lymph nodes 
are. This opens up the ability for future use of this technique to 
detect sentinel lymph nodes in the clinic. 
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Fig. 4. The mean magnetomotive displacement magnitude in the SLN in 
six different cross sections in each of the rats. The cross sections were 
obtained at 5 Hz 60 V. The displacement tends to vary within the SLN, 
indicating an uneven distribution of NPs in the SLN.   

 
 

Fig. 5. The signal-to-clutter ratios for the three rats at different voltages. The 
SCR increases with voltage but for voltages exceeding 20-30 V the SCR 
stabilizes.  
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2.1 Nanoparticles  

2.2 Animals 

2.3 PET/CT imaging 



2.4 MMUS imaging 

 

Figure 1. MMUS experimental setup. The animal is placed over the solenoid iron core and a time-
varying magnetic field is applied. The nanoparticles will thereby be set in motion and thus, their 
surrounding tissue. A high frequency ultrasound scanner registers the movement and after post 
signal processing of the ultrasound data, the MMUS signal is obtained.  



 
2.5 Frequency and phase tracking MMUS algorithm 

2.6 MR imaging 



3.1 PET/CT imaging 

Figure 2. Panel (A), coronal PET/CT image of animal 1. The center of the red cross shows the 
position of the SPION-accumulated SLN. SPION accumulation is also seen in two iliac lymph nodes. 
The lead cylinder shielding the injected paw is shown to the bottom right in the image. Panel (B), 
MMUS image of the SLN in animal 1. The image is a magnification of the area outlined with a white 
rectangle in the PET/CT image. The fat capsule surrounding the lymph node is outlined in the image 
and the induced magnetomotive displacement, shown as a color-code in the image, reveals the 
location of the SLN.  



3.2 MMUS imaging 

 
Figure 3. The graph shows the percent injected activity in the SLN for all six animals. 

 

Figure 4. The SLN and surrounding fat capsule in animal 5. The images are obtained at 
electromagnet excitation voltage 5 Hz 60 V. Panel (A), B-mode ultrasound image where the SLN 
(yellow), the area where the MMUS displacement is calculated (green) and the fat capsule (white) 
are outlined. Panel (B), the total movement, i.e. the movement at all frequencies and phases, is 
superimposed as a color code on the B-mode image. Panel (C) MMUS image, displacement is only 
color-coded when occurring with the same frequency and phase (± 0.35 radians) as the magnetic 
field. The color-coding is overlaid on the B-mode image. Note that the maximum displacement 
magnitude is more than 70 times larger in panel (B) than panel (C).   



3.3 MR imaging 

 

Figure 5. MMUS images of the SLN and its surrounding fat capsule in animal 1, 2, 3 and 5. All 
images are obtained at 5 Hz 40 V electromagnet exitation voltage. The color represents 
magnetomotive displacement according to the color bar to the right. 



 

.

 
Figure 6. MR-images of the excised tissues containing removed SLN (green arrow head) and control 
node (yellow arrow) for animal 2 and 4.   Both lymph node samples (and also some of their 
surrounding tissue) were placed in an Eppendorf tube during MRI acquisition. The SPIONs present 
in the SLN are shown as signal voids (black). The black areas around and in between the two tissue 
samples (lymph nodes and their surrounding tissue parts) stem from air pockets in the samples. 

 

Figure 7. The graph shows the correlation between the MMUS and MRI signals for the four rats with 
detectable MMUS signal (the linear part). The measurement values are displayed as *. The two rats 
where no MMUS signal was found, are displayed as  in the graph, and give an indication of the 
detection limit of MMUS which is presented as a dashed line in the graph.  



in vivo

4.1 PET 

4.2 MMUS/MRI 



 

Nanotechnology

Multifunctional nanoparticles for drug delivery and molecular 
imaging.



Eur. J. Nucl. Med. Mol. Imaging

IEEE Trans. Ultrason. Ferroelectr. Freq. Control

Proc. 31st Annu. Int. IEEE Engineering in Medicine and Biology Society Conf.

In vivo



Maria Evertsson

Department of Biomedical Engineering
Faculty of Engineering

Lund University

Development of Magnetomotive
Ultrasound Imaging

M
aria Evertsson

D
evelopm

ent of M
agnetom

otive U
ltrasound Im

aging

ISBN: 978-91-7623-745-8 (print)
ISBN: 978-91-7623-746-5 (pdf )
ISRN: LUTEDX/TEEM – 1103 – SE

Report-nr: 4/16


	Kappa
	Paper1
	front cover
	Frequency- and Phase-Sensitive Magnetomotive Ultrasound Imaging
	Paper2
	Normalization of Magnetic Field Effects
	Paper3
	Multimodal Detection of Iron Oxide Nanoparticles in Rat Lymph Nodes Using Magnetomotive Ultrasound Imaging and Magnetic Resonance Imaging
	Paper4
	studie 4
	Paper5
	In vivo magnetomotive ultrasound imaging of rats A pilot study
	Paper6
	MMUS-PET
	Tom sida
	Tom sida
	Tom sida
	Tom sida
	Tom sida
	Tom sida
	Tom sida
	Tom sida
	Tom sida
	Tom sida



