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Resumo 

Abordagens teranósticas, que combinam modalidades diagnósticas e terapêuticas, estão 

ganhando reconhecimento como um método inovador para aumentar a eficácia de tratamentos 

médicos. Uma técnica específica nesse campo é a hipertermia magnética (MH), que utiliza 

campos magnéticos de alta frequência e nanopartículas magnéticas (MNPs) para direcionar e 

aquecer células cancerígenas. No entanto, o monitoramento em tempo real da temperatura e da 

localização de MNPs durante a terapia de MH in vivo apresenta desafios significativos. A 

magnetoacustografia (MMUS) tem mostrado bom potencial para localizar MNPs e, assim, 

aprimorar o processo de MH. No entanto, um grande desafio é a implementação da alternância 

automatizada entre os campos magnéticos necessários para MMUS e MH usando uma única 

bobina de excitação. Esse desafio surge devido aos diferentes requisitos de frequência, com 

MH operando na faixa de 100-500 kHz e MMUS exigindo campos magnéticos de frequência 

mais baixa (<100 Hz). Portanto, o objetivo desta pesquisa foi desenvolver uma plataforma 

teranóstica capaz de operar simultaneamente MH e MMUS usando uma única bobina de 

excitação, possibilitando o uso em tempo real. Superar esse desafio tecnológico envolveu a 

utilização de acoplamento eletromagnético. Para gerar imagens de MMUS, um gerador de 

pulso baseado em um circuito de descarga de capacitor-bobina foi desenvolvido e incorporado 

à plataforma teranóstica. O sistema integrado utilizou um indutor para gerar pulsos de campo 

magnético de até 258 mT (2,16 kA). Os deslocamentos induzidos exibiram uma correlação 

direta com a variação de temperatura durante um procedimento de MH. Além disso, o sistema 

de MH desenvolvido alcançou um aumento de temperatura de 8 °C ao empregar um campo 

magnético de 15 kA/m para aquecer volumes maiores que 1 cm3, indicando seu potencial para 

uma terapia de MH eficaz. Os resultados obtidos durante esta pesquisa são importantes para 

compreender as configurações ideais da plataforma teranóstica e orientar estudos futuros in 

vivo e in vitro.  
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Abstract 

Theranostic approaches, combining diagnostic and therapeutic modalities, are gaining 

recognition as an innovative method to enhance the effectiveness of medical treatments. One 

specific technique in this field is magnetic hyperthermia (MH), which uses high-frequency 

magnetic fields and magnetic nanoparticles (MNPs) to target and heat cancerous cells. 

However, real-time tracking of temperature and MNP location during MH therapy in-vivo 

presents significant challenges. Magnetomotive ultrasound (MMUS) shows potential in 

locating MNPs; therefore, enhancing the MH process. However, a major challenge is the 

implementation of automated switching between the magnetic fields required for MMUS and 

MH using a single excitation coil. This challenge arises from the different frequency 

requirements, with MH operating within a 100-500 kHz range and MMUS demanding lower 

frequency magnetic fields (<100 Hz). Therefore, the goal of this research was to develop a 

theranostic platform capable of simultaneous MH and MMUS operation using a single 

excitation coil, enabling potential real-time usage. Overcoming this technological challenge 

involved the utilization of electromagnetic coupling. To generate MMUS images, a pulse 

generator based on a capacitor-coil discharge circuit was developed and incorporated into the 

theranostic platform. The integrated system employed an air-core inductor to generate magnetic 

field pulses up to 258 mT (2.16 kA). The induced displacements exhibited a direct correlation 

with temperature variation during a MH procedure. Additionally, the developed MH system 

achieved temperature rise of 8 °C when employing a magnetic field of 15 kA/m to heat volumes 

larger than 1 cm3, indicating its potential for effective MH therapy. The results obtained during 

this investigation are important for understanding the optimal configurations of the theranostic 

platform and will guide future in vivo and in vitro studies.  
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Introduction 
With its complex and heterogeneous nature, cancer continues to pose a significant global 

public health challenge [1]. Extensive research efforts are currently underway to enhance our 

understanding of the underlying mechanisms that drive cancer and develop effective 

therapeutic strategies. In recent years, remarkable progress has been achieved in decoding the 

intricate molecular pathways, genetic alterations, and microenvironmental influences involved 

in cancer initiation, progression, and metastasis [2]. These discoveries have shown that the 

development of cancerous cells is influenced by many internal and external factors, thus 

rendering it a multifactorial phenomenon [3]. Normal cells are transformed into cancer cells by 

accumulating multiple gene mutations that regulate cell division. Furthermore, a wide range of 

factors, including pollution, dietary habits, radiation exposure, and genetics, can trigger these 

mutations [4]. Consequently, this knowledge progress has helped to identify novel avenues for 

targeted therapies and personalized treatment approaches aimed at mitigating the complications 

experienced by patients. 

Numerous treatment strategies, including chemotherapy, radiotherapy, immunotherapy, 

and surgical procedures, have been conventionally employed to inhibit tumor growth. 

However, it is unfortunate that these treatments often come with side effects that can negatively 

impact patients' overall health [5]. Thus, research is critical to develop novel techniques for 

early-stage diagnosis and effective therapy procedures while minimizing side effects. 

In recent years, nanoscience and nanotechnology have emerged as essential contributors 

to pursuing innovative cancer treatments [6-9]. Additionally, nanotechnology-based procedures 

offer the potential for early-stage diagnosis, enabling timely intervention and improved patient 

outcomes. By harnessing the engineerable properties of magnetic nanoparticles (MNPs), these 

advancements have helped the way for innovative techniques in oncology, such as magnetic 

hyperthermia (MH), which holds great promise for improving cancer therapy, allowing that 

selectively eradicate cancer cells while preserving healthy tissues.  

Particularly in the case of MH, magnetic nanoparticles are utilized to achieve precise 

energy deposition in cancer cells [8, 10]. This technique induces cell death by selectively 
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raising tissue temperature. Heat generation occurs through interaction between MNPs and 

external radiofrequency (100 kHz to 1 MHz) magnetic fields. As a result, MNPs become heat 

sources and elevate temperature at MNPs location, causing cell damage, ultimately leading to 

cell death, thereby minimizing side effects. However, until today, MH has not yet been 

considered a standalone curative treatment for cancer, but it has shown substantial potential in 

enhancing the effectiveness of radiation therapy and other techniques [11-13]. Furthermore, 

MH has been exemplified by compelling evidence from in vitro studies, in vivo experiments, 

and clinical observations [12, 14, 15]. However, despite its promising outcomes, the clinical 

application of hyperthermia remains limited primarily due to practical challenges in 

implementation [16], with the most crucial obstacle being the successful heating of deep tumors 

[11]. 

Since magnetic hyperthermia presents numerous advantages as an alternative and 

adjuvant treatment technique, it has challenges [17]. These challenges include real-time 

temperature monitoring, precise localization of MNPs, and ensuring scalability in pre-clinical 

settings. For example, real-time temperature monitoring is crucial in MH to maintain accurate 

control over the heating process and avoid potential damage to surrounding healthy tissues. 

Therefore, developing reliable and non-invasive methods for monitoring temperature changes 

within the tumor site during treatment is a crucial area of research.  

In addition, achieving precise localization of MNPs within the target tissue is another 

critical challenge. The dynamic vascularization of MNPs in a living organism requires constant 

feedback for MH. Ensuring that the MNPs accumulate specifically in the tumor area while 

minimizing accumulation in healthy tissues is essential for maximizing treatment efficacy. 

Furthermore, scalability in pre-clinical settings is essential for the widespread adoption 

of MH. Therefore, it is crucial to develop standardized protocols, medical equipment, and 

methodologies that can be replicated across different research laboratories and pre-clinical 

studies, enabling consistent and reliable outcomes. Addressing these challenges will be 

fundamental in advancing the field of magnetic hyperthermia and translating it into a clinically 

viable treatment option. Therefore, ongoing research efforts are focused on developing 
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innovative solutions to overcome these obstacles, thereby unlocking the full potential of MH 

as a safe and effective cancer therapy. 

As an aforementioned consequence, theranostic platforms may hold promise for 

advancing the field of MH by overcoming some of its current limitations [18-21]. Traditionally, 

diagnostics and therapeutics have been separate entities in healthcare, with diagnosis preceding 

treatment. However, theranostic platforms aim to merge these two components, allowing for a 

more personalized and precise approach to patient care by combining diagnostic and 

therapeutic functionalities into a single entity. To revolutionize the treatment effectiveness for 

healthcare by enabling customized medicine, enhancing treatment outcomes, and reducing 

unnecessary interventions or side effects. 

In the diagnostic aspect of the theranostic platform that includes MH, ultrasound imaging 

is a safe image method that could be an interesting choice [21]. It utilizes high-frequency sound 

waves that are transmitted into the body, interacting with various tissue structures. The 

transducer captures the echoes produced by this interaction and converts them into real-time 

images. This technology enables healthcare professionals to visualize organs, tissues, and 

detect potential abnormalities. Ultrasound images provide valuable diagnostic information, 

including tissue size, shape, and composition, and identify any abnormal structures or lesions 

[22]. However, there are certain limitations to the detecting size capabilities of ultrasound. For 

example, ultrasound alone may be insufficient when dealing with objects smaller than 1 µm, 

such as MNPs used for MH, as their sizes typically range below 100 nm [23, 24]. In that case, 

an innovative approach called magnetomotive ultrasound (MMUS) can complement 

ultrasound imaging to detect MNPs within tissues [25-28]. 

MMUS combines the principles of ultrasound imaging with the manipulation of MNPs 

by using external magnetic fields [29]. In this case, the interaction between an external 

magnetic field gradient and MNPs results in a magnetic force capable of inducing tissue 

movement. These movements (displacements) can be detected and quantified using ultrasound 

imaging, providing additional information beyond traditional ultrasound techniques [26, 30, 

31]. The integration of MMUS expands the capabilities of ultrasound by enabling the detection 
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and localization of MNPs within the tissue. This approach holds potential in various theranostic 

applications, such as molecular imaging, targeted drug delivery, and functional tissue 

characterization [29].  

In a previous study, the research group GIIMUS proposed a novel theranostic platform 

[21] designed to integrate MMUS and thermal ultrasound imaging with MH. An interesting 

aspect of this platform was the utilization of a single excitation coil for both MMUS and MH 

applications. Phantom experiments were conducted to demonstrate the platform's capability to 

map the location of MNPs and generate two-dimensional temperature maps during the MH 

procedure. The study also revealed that acquiring MMUS images before the MH procedure 

could predict the temperature distribution of MNPs during HM experiments. 

Despite these successful outcomes, some remaining challenges hinder the pre-clinical 

implementation of the aforementioned theranostic platform. One technical limitation of the 

platform described in [21] was the absence of automated switching between the magnetic fields 

used for MMUS and MH. Due to this constraint, real-time acquisition of MMUS images during 

MH was not feasible. The design presented in [32] lacked the required power to conduct a 

comprehensive MH procedure in large-volume phantoms or potential animal applications. This 

limitation arises from the system's original design, which primarily emphasized MNP 

characterization [32]. 

Addressing these challenges is crucial to advance the implementation of the theranostic 

platform in pre-clinical settings. Overcoming the limitations in acquiring real-time MMUS 

images during MH and improving scalability will enhance the platform's applicability for in 

vivo experiments. To strengthen the evaluation of magnetomotive-induced displacements in 

dynamic environments [17], such as a living body, developing a robust system capable of 

delivering consistent feedback and controlling the application of MMUS magnetic pulses 

during MH becomes essential. Furthermore, enhancing the power capacity will enable 

comprehensive MH treatments in larger volumes, expanding the platform's potential for future 

pre-clinical and clinical applications. 

In this research thesis, our primary objective was to develop an innovative and automatic 
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theranostic platform. This platform will enable pre-clinical experiments, monitor crucial 

physical tissue properties such as temperature, and facilitate the localization of MNPs using 

ultrasound imaging techniques. This integration will enhance the MH's effectiveness and 

minimize the risk of magnetic field overexposure. Furthermore, optimizing the theranostic 

platform aims to improve the experiments' performance, enable precise tissue property 

monitoring, and enhance the localization of MNPs through real-time ultrasound imaging. This 

advancement will contribute to the field of theranostics and improve the way for more effective 

and safer treatments in the future. 

However, it is essential to acknowledge the inherent challenge of generating and 

synchronizing both MMUS and MH magnetic fields within a single system. MH typically 

operates within the 100 – 500 kHz frequency range [33-35], whereas MMUS operates below 

100 Hz [25, 26, 36]. In MMUS, the utilization of a low-frequency, time-varying magnetic field 

is necessary due to the elastic response of tissues [28, 30], as will be discussed in detail in 

Chapter 2 of this thesis. In contrast, a higher frequency magnetic field is essential for MH due 

to the Neel and Brownian relaxation times [37], and this aspect will be detailed in Chapter 3 of 

this thesis. This discrepancy poses engineering and design challenges concerning material 

physic properties to fill the magnetic field requirements. As a result, the electronic control 

device of the system assumes the critical responsibility of synchronizing these two distinct 

natures' magnetic fields to achieve the implementation of MH therapy and MMUS image 

scanning. This way, creating a real histography of MNPs temperature while MH is applied is 

possible. 

This research aims to address the aforementioned challenges by developing an automated 

theranostic platform. This proposed approach involved designing and implementing two 

separate systems for MH and MMUS, as shown in Fig. (1). These systems were interconnected 

and managed through a digital control system that synchronizes their operation, as illustrated 

in Fig. (2). By periodically activating and deactivating each system, it was achieved a complete 

integration within a single platform without interference. Notably, the platform utilizes the 

same excitation coil for both therapy and diagnosis, significantly enhancing its real-time 



Introduction  6 

 

application capabilities. This integration of functions within a single inductor offers significant 

advantages, as it enables smooth operation, provides feedback, and enhances the efficiency and 

effectiveness of treatment procedures. It eliminates the need for separate setups or time-

consuming transitions between therapy and diagnostic modes. 

 

 

The next step involved experiments with tissue-mimicking phantoms in developing a 

feedback-controlled hyperthermia pre-clinical protocol that can be applied in potential in-vivo 

experiments with the developed system. Following this approach, it was aimed to overcome 

the previously identified limitations and provide a robust solution for integrating MH and 

MMUS into a theranostic platform. 

This thesis is structured into four chapters, according to the following description. 

Chapter 2 is dedicated to describing the development of pulsed MMUS systems. Throughout 
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this development process, it has identified specific aspects related to the generation of pulsed 

magnetic fields that require enhancement and optimization, particularly to facilitate its 

integration with the MH system. Chapter 3 provides an in-depth description and 

characterization of the MH system. It specifically focuses on analyzing the built-in resonant 

inverter, which is crucial in generating the high-frequency magnetic field necessary for the 

hyperthermia procedure. Chapter 4 explores the developed theranostic platform, examining 

multiple experiments to comprehensively understand its performance, capabilities, and 

potential issues. This chapter offers valuable insights into integrating and implementing the 

theranostic platform, paving the way for future studies and real-world applications. Also, 

Chapter 4 presents the conclusions derived from the data analysis and findings obtained 

throughout this research. 



 

 

 
 
 
 
 
 
 

Chapter 2: Development of 
Pulsed Magnetomotive 
Ultrasound Imaging Systems 
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Introduction 
Nanostructured agents have gained increasing relevance in various scientific and 

technological fields because of, but are not restricted to, their versatile optical, thermodynamic, 

chemical, electric, and magnetic properties [38, 39]. One of the key advantages of these 

materials is their ability to be engineered for energy absorption in response to external 

stimulation, such as mechanical, magnetic, and optical, which makes them useful as contrast 

enhancers for imaging techniques such as ultrasound.  

Ultrasound is a widely used medical imaging modality that is considered a safe, low-cost, 

portable, and real-time method. However, standard ultrasound techniques' spatial resolution 

and contrast limitations constrain nanostructure localization within tissues [25-28]. To 

overcome this limitation, different techniques have been proposed to monitor specific physical 

outputs that may arise from the interaction of nanoparticles with an external stimulus applied 

to the target [29]. The underlying concept behind these approaches is that the detected signal 

magnitude is proportional to the concentration of nanoparticles [40]. For example, when 

exposed to an external magnetic field, a tissue labeled with magnetic nanoparticles (MNPs) is 

magnetically attracted to the magnetic field source, generating micrometric displacements 

within the tissue. The induced displacements can be detected using ultrasound techniques by 

applying algorithms commonly used in elastography analysis [41]. The spatial distribution of 

these displacements can be processed to indicate the location of MNPs [42]. This technique is 

known as magnetomotive ultrasound imaging (MMUS) [26-28]. It has been studied for 

different applications, including the detection of MNPs in mouse tumors [26] and rat lymph 

nodes [43], evaluation of rat gastric function [44], sensing the endocytosis of MNPs into living 

cells [45], and imaging blood clot formation [46]. 

The external magnetic field is commonly generated by electromagnets using harmonic 

pulses, a single pulse, or pulse train magnetic fields [41]. In the case of harmonic magnetic 

field stimulation, audio amplifiers are employed for their low cost, easy access, and simplified 

operation [30, 43]. However, these devices present some drawbacks, preventing the optimal 

conversion of electric energy to the magnetic field (<70%) [47], such as minimum load 
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impedance, heating susceptibility in the coil and amplifier, delays related to the voltage-current 

phase, and no DC output support [47, 48]. In consequence, in these amplifiers, high-impedance 

coils greater than 2 Ω are required, resulting in long windings and poor fill factor, usually <90% 

[49]. 

Other applications using a single pulse or pulse train have been achieved with 

commercial current amplifiers connected to function generators [26, 50, 51]. These amplifiers 

present extended current-voltage features and versatility in pulse duration ranging from a few 

milliseconds to 5 seconds. Nevertheless, their implementation involves high costs and special 

infrastructure installation and still presents minimum load impedance defined by the output 

power. Recently, other studies using pulsed magnetic field generators based on capacitor 

discharge [25, 52, 53] have shown improvements in magnetic field features such as field 

magnitude up to 950 mT, acceptable variable pulse duration (2 ms – 1s), and capabilities of 

driving low-impedance coils, lower than 2 Ω. 

In some situations, coils presenting lower electrical impedance are desired. For example, 

a recent paper proposed using MMUS images in combination with magnetic hyperthermia in a 

theranostic platform [21]. This platform was designed to use a single coil to apply both 

magnetic fields for MMUS and magnetic hyperthermia. In magnetic hyperthermia, heat is 

dissipated from the interaction of an external magnetic field and MNPs for cancer treatment. 

In this case, lower impedance coils are required to generate magnetic fields with frequencies 

ranging from 100 kHz to 500 kHz. 

For this reason, a low-impedance output amplifier is desired to drive the coil and generate 

intense magnetic field pulses for MMUS, similar to that used in transcranial magnetic 

stimulation (TMS), where a capacitor bank is discharged through the coil. In addition, other 

strategies of current generators, namely resonant converters [53, 54], have been developed, and 

they can be adapted for biomedical purposes. These converters work as uninterrupted current 

power supply based on high-frequency inverters with the capability to continuously maintain 

hundreds of amperes current levels. However, using these devices entails developing complex 

high-power electronic systems but creating an opportunity for new MMUS designs. 
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Another crucial aspect of MMUS is related to the magnetic field temporal waveform and 

the expected displacement response of tissues. An idealized magnetic pulse for MMUS 

stimulation would be a perfect square wave (blue line in Fig. 3). However, an ideal magnetic 

pulse is difficult to achieve due to the coil and current generator's electrical features. In practice, 

an exponential response is more likely to be observed in the magnetic field rise and fall times 

(red line in Fig. 3). In the case of a non-zero magnetic field rise-time tr > t0, the time-to-peak 

displacement tpk (green line in Fig. 3) is not exclusively associated with the material's 

mechanical properties. On the other hand, the residual magnetic field can influence the induced 

motion and reduce tissue peak-to-peak displacement when pulse trains are used [50]. 

Nonetheless, this undesirable effect created by the coil's reactive properties can be reduced by 

proper coil optimization and a correct choice of a low-output impedance generator. 

 
Fig. 3. The differences between the magnetic excitation and expected displacement waveforms related to the MMUS technique. 

In the present study, two magnetic pulse generators integrated into an MMUS system 

were designed to overcome the aforementioned drawbacks of pulsed MMUS. As a starting 

point, the first magnetic field generator, named “generator 1”, was developed using a similar 

configuration of TMS devices but optimized for the MMUS technique. The second approach, 

“generator 2,” used a novel design based on a DC-DC resonant inverter converter. The 

performance of the magnetic generators was evaluated in terms of magnetic field amplitude, 

transient behavior, and pulse repetition frequency (PRF). The effect of the magnetic fields on 

the MMUS images was investigated with a tissue-mimicking phantom containing an inclusion 

filled with MNPs. To study the influence of the elastic properties of the phantom on the induced 

magneto-motion, the experiments were conducted at various temperatures in the 17 - 22 °C 

range. 
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Material and methods 
A. Magnetic force 

A tissue or a phantom material can be modeled as an elastic material with low viscosity. 

Thus, if these materials are labeled with a homogeneous distribution of MNPs, the interaction 

between them and an external magnetic field creates an attractive force Fz, moving the internal 

structures of the tissue. This magnetic force is proportional to the magnetic field magnitude B0 

and gradient, as well as MNPs susceptibility χs in a linear MNPs magnetization regimen [55, 

56], as shown in the following equation [58]: 

0
0

s
z ( , )

B ( z,t )B z t
z

VF χ
µ

∂
=

∂
 (1)  

In this equation, V is the MNPs inclusion volume and µ relative medium permeability. 

Therefore, by increasing the magnetic field generated, the induced displacement is enhanced 

and, consequently, improving the MMUS imaging contrast and the signal-to-noise ratio [26, 

52]. Another important term is magnetic field time dependence, which is associated with the 

magnetic field waveform and attractive magnetic force. As a result, the transient displacement 

response is affected by both the tissue's elastic properties and the magnetic stimulation's 

temporal behavior [58]. 

B. Systems description 

Several features were evaluated to investigate the performance of the generators 

mentioned above, such as magnetic field magnitude, transient response, magnetic PRF, and the 

induced displacement behavior of MNPs embedded in viscoelastic materials. Both generators 

were designed to circulate current magnitudes of up to 100 A through a magnetic field 

generating coil and to be controlled by external triggering devices. Despite the similar 

activation mode, their main difference is the power supply configuration and how it provides 

energy to generate the magnetic field. Fig. 4 (a) shows the generator 1, which is based on a 

capacitor discharging circuit. This platform uses a step-down converter as a charger circuit [53, 

54] projected to charge the capacitor bank with a constant current, with values between 50 V 

and 230 V. Then, the charger circuit is disconnected, and the triggering device (here, it was 
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used a Tectronix function generator, model AFG320) controls the high-speed power switch, 

which is formed by four MOSFET IXKN45N80C in a parallel configuration, closing the circuit 

between the capacitor bank terminals. Therefore, the capacitor bank is discharged, forcing a 

high-magnitude current through the generating coil, with a controlled activation time between 

t0 and t1, as depicted in Fig. 2.  

 
Fig. 4. Pulsed MMUS magnetic field generators. (a) Generator 1: device is based on a discharging capacitor topology activated 
by a triggering signal that closes a high-speed switching device. (b) Generator 2: uninterrupted DC-DC power converter that 
uses a resonant inverter for magnetic field generation by activating the MOSFET using a triggering signal. 

Fig. 4(b) shows the pulse generator 2 based on a DC-DC resonant converter. In this case, 

the system works as a continuous high-frequency power supply using a variable 

autotransformer (JDG, TDGC2-3KVA) and a half H-bridge topology to switch a DC-controlled 

voltage, converting it from DC into a 40 kHz signal [53, 54, 59]. This system takes advantage 

of its resonant DC-DC converter to lower the voltage level and increase the current by 

employing a reduction transformer; then, a rectification stage is used to rectify the signal that 

feeds the excitation coil. Therefore, this setup can provide a constant current level when the 

high-speed power MOSFET closes the circuit, enhancing the control of the activation time t0-

t1. Furthermore, the activation time can be varied without significant energy losses because it 

is continuously fed with current from the DC-DC converter. 

Additionally, the magnetic PRF for generator 2 is substantially improved because this 

device does not depend on the capacitor charge time, allowing it to produce faster pulses 

uninterruptedly. In addition, Fig. 4 (a) and (b) show that an RDC-snubber circuit was also 

implemented in both generators, formed by a network of components Rs, Cs, and Ds. This 

circuit is widely used to limit voltage and current edge rates in high-power converters such as 
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flyback power supplies [60]. In this case, the snubber circuit was employed to reduce the 

magnetic field relaxation after the MOSFET deactivation by driving an opposite current 

produced by the counter-electromotive force, demagnetizing the coil's core. 

C. Coil optimization for pulsed MMUS 

An inductor is a reactive element where the current gradually increases in response to an 

applied voltage. Hence, an effective procedure to optimize the magnetic field rise-time tr is to 

assume the excitation coil to be an inductor working as a low-pass LR-filter circuit, which is 

described by the transference function 

Re R 1H(ω)= = =
Re+ Im R + jωL 1+ j R / Lω

 (2)  

where the R and L values determine the stop frequency. R and L optimum values can be 

calculated by evaluating the filter response of equation (2) through a Heaviside step function 

H(ω) 1 1=
1+ j R / Lω ω ω
⋅  (3)  

Then, by converting equation (3) into time-dominium, an exponential function 

characterized by the term -t(R/L) is obtained: 

t( R / L )h( t )= 1 e−−  (4)  

This equation associates the specific time for the current to reach its maximum value in 

response to the applied stimulation, i.e., t ≈ tr. Here, tr was taken as the time to reach ~95% of 

the maximum theoretical value. In order to determine a specific inductance L by using a 

required tr value, as shown in Fig. 3, it is essential to consider two limiting criteria: i) expected 

mechanical response and ii) core magnetic properties of the coil. In this case, the tr value should 

be as low as possible to avoid possible interferences induced by a magnetic field modulation 

on the time-to-peak displacement (tpk) [61]. Additionally, magnetic hysteresis plays a critical 

role in limiting the minimum tr value that the coil can reach under a pulse excitation regimen. 

For example, the maximum frequency at which a silicon steel core can handle a saturation 

magnetic flux (approx. 1.2 T) is 400 Hz [62] (period of 2.5 ms). Thus, to avoid a possible skin 

effect in the core [63, 64], the optimal and minimum possible value for tr in this study was 2.5 
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ms due to the presence of a steel core. 

Following the analysis of h(t), the variable R can be found by considering the maximum 

current Imax and voltage Vmax that the generator can provide at a safe full-load state. For 

example, by considering generator 1 operating at 100 A and 200 V, which are close to the 

generator's maximum capabilities, and using Ohm's law, the minimum load was R = 2.0 Ω. 

Therefore, using tr = 2.5 ms and R = 2.0 Ω in equation (4) and taking 99% of the maximum 

value of h(t), an inductance of 582 µH was obtained. However, generator 1, as depicted in Fig. 

4(a), had a series resistor RL = 1.4 Ω between the coil and switch device, which acted as a 

current limiter for the generator. Consequently, the coil impedance was designed to be 600 mΩ 

at 400 Hz. 

To manufacture the coil, 130 turns of copper wire (AWG 17) were wound around a steel 

core (diameter = 16 mm, length = 40 mm, tip-angle = 45°), taking special care to achieve the 

aforementioned inductance and impedance values. Then, an impedance analyzer (Agilent, 

4294A Precision Impedance Analyzer, 40 Hz to 110 MHz) was used to measure the actual coil 

parameters at 400 Hz, obtaining 584 µH for the inductance and 664 mΩ for the coil impedance. 

Next, this coil was tested with both pulsed MMUS units by measuring the generated magnetic 

field with a gaussmeter (TMAG-1T, Globalmag, Cotia, SP, Brazil). Finally, the results were 

compared with the analytical predictions of the low-pass LR filter using the Heaviside step 

function. 

D. Phantom preparation 

A cubic tissue-mimicking phantom containing a hemisphere inclusion labeled with 

MNPs was prepared. Each phantom material was produced by dissolving 5% bovine gelatin 

Bloom 250 (Gelita, Sao Paulo, Brazil) and 2% Agar (HiMedia, Mumbai, India) at weight-mass 

concentrations in Milli-Q water at 90°C. Agar and gelatin are well-known materials for 

mimicking soft tissue in terms of acoustic and elastic properties [65, 66]. The molten solution 

was maintained under magnetic stirring for 1 hr until homogenization was completed. Then, 

the mixture was cooled to 36 °C, and 0.2% of formaldehyde (Synth, São Paulo, Brazil) was 

added. At this point, the molten agar-gelatin mixture was ready to be poured into an 80 mm x 
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80 mm x 40 mm mold for cooling and gelling at 5 °C overnight. The inclusion and background 

were made using the same procedure and materials. In addition, the hemispherical inclusion 

with a radius of 7.5 mm was labeled with zinc-ferrite MNPs (Zn0.1Fe0.9Fe2O4), at a weight 

concentration of 1% [30]. The MNPs had an average size of 12 nm and a saturation 

magnetization of 83 emu/g. The reader is referred to [67, 68] for more details about the MNPs 

synthesis and characterization. 

E. MMUS experiments 

The experimental setup consisted of the magnetic field generator, the tissue-mimicking 

phantom, an ultrasound imaging system (SonixRP, Ultrasonix), and a parallel data acquisition 

system (SonixDAQ, Ultrasonix) connected to a linear array transducer (L14-5/38). The 

phantom, coil, and ultrasound transducer were held and aligned according to the experimental 

setup depicted in Fig. 5, leaving a gap (0.2 mm) between the phantom and the coil. The 

ultrasound echo data acquisition, at a frame rate of 4 kHz, was synchronized with the magnetic 

pulsed excitation. 

 
Fig. 5. Depiction of the pulsed MMUS imaging setup. The arrangement comprised an ultrasound imaging system coupled to 
a SonixDAQ parallel data acquisition device, a pulsed MMUS generator triggered by a function generator. The ultrasound 
transducer was placed in contact with the phantom and positioned opposite the coil. 

F. Displacement analysis 

A cross-correlation algorithm was applied between consecutive ultrasound RF signals to 

estimate the displacement map of the internal structure of the gelatin phantom [41]. The 

induced displacements within the inclusion (5 mm from the source field) were analyzed at 

different temperatures (17 – 22 °C) for both generators. In addition, parameters such as time-

to-peak displacement and natural oscillation frequency were assessed. The frequency of 
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oscillation was estimated in two different situations: i) during the active magnetic field, "Field-

ON," the resultant oscillation produced by a sudden displacement transition from a low to a 

high state with an extended active time, i.e., 40 ms; ii) after turning the magnetic field off, 

"Field-OFF," which considered the high-to-low transition. 

 

Results 
A. Magnetic field response 

Fig. 6 shows the magnetic field generated with both generators by feeding the designed 

coil with a maximum current of 100 A. Fig. 6(a) shows the magnetic field rise-time comparison 

between the analytical model and device responses. The model (green square markers) agreed 

well with the magnetic field response of generator 1 (red line), indicating a high-accuracy 

prediction. Nevertheless, the rise-time obtained with generator 2 was slower and delayed in 

comparison with the analytical model (blue square markers). Fig. 6(b) and 6(c) show the 

magnetic fields produced by generators 1 and 2, respectively, for an activation time of 40 ms. 

For generator 1, the capacitor discharger device generated the magnetic field through different 

current levels. In this case, we can observe an exponential decrease in the magnetic field 

magnitude after reaching the maximum value due to the decay of the stored energy in the 

capacitor bank. In contrast, for generator 2, a more stable and nearly constant magnetic field 

level was achieved for longer activation times; however, a weak 120 Hz oscillation was 

observed due to rectifier ripple. 

Fig. 6(d) shows the magnetic field magnitude for measurements taken from 0.2 mm to 

16 mm from the core tip. These results demonstrate that within the MNP-laden inclusion, the 

magnetic field magnitude was in the 150 mT - 300 mT range. Fig. 6(e) and 6(f), the upper 

graph, show the minimum interval between two pulses for generators 1 and 2, respectively, 

using the designed coil. These results show a significant difference in magnetic PRF 

capabilities, with generator 2 reaching a maximum PRF of 100 Hz, and generator 1 reaching a 

maximum of 0.25 Hz. Additionally, Fig. 6(f) illustrates the versatility of generator 2 under a 

variable duty cycle test, ranging from 5 ms to 40 ms. 
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Fig. 6. Magnetic field characterization. (a) Low-pass LR filter model response and the experimental magnetic fields measured 
for generators 1 and 2. (b) Magnetic field generated by generator 1 at different stimulation currents and activation time 40 ms. 
(c) The magnetic field generated by generator 2 at different stimulation currents and an activation time of 40 ms. (d) Magnetic 
field intensity over distance from the magnetic field source. Minimum pulse repetition time for (e) generator 1 and (f – upper 
graph) generator 2. The lower graph in (f) illustrates the capability of generator 2 to operate under varying PRFs. 

B. MMUS image analysis 

Fig. 7(a) and 7(b) show B-mode and MMUS images of the phantom, acquired at 22 °C, 

respectively. The MMUS image was obtained by calculating the maximum induced 

displacement reached after turning the magnetic field on, at each spatial location. The inclusion 

can be clearly visualized in the MMUS image. Generator 1 was used in this case, and 

displacements of up to 25 µm for regions in the center of the inclusion were observed, and up 

to 15 µm for the surrounding areas due to mechanical coupling. Additionally, the time to reach 

these peak displacements was computed for each spatial location and is shown in Fig. 7(c). 

Time-to-peak displacement values of around 5 ms were measured for regions within the 

inclusion, while longer time-to-peak displacements were observed for areas away from the 

inclusion center, which is related to the shear wave propagation. 

Fig. 8 shows the transient behavior of the induced displacements for both generators at a 

temperature of 22 °C. The plots were created by computing the average displacement within 

an 8 mm diameter semicircular region of interest inside the inclusion area. Fig. 8(a) compares 

the displacements obtained with both generators, indicating a time-to-peak displacement delay 
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of 1.5 ms, which is inherent to tr (see Fig. 6(a)). 

 
Fig. 7. Pulsed MMUS imaging results of the phantom at 22 °C. (a) B mode image obtained of the tissue-mimicking phantom 
embedded with MNPs. (b) MMUS image displaying a maximum displacement map. (c) Time-to-peak displacement map. 

 
Fig. 8. Displacement behavior of the MNP-laden inclusion using both MMUS systems at 22 °C. (a) Comparison between both 
generators using the same activation time and coil. The inlet shows a better visualization of the time-to-peak difference between 
both generators. (b) Induced displacement within the inclusion using generator 1 for different activation times. (c) MNPs-
induced displacement observed by applying the magnetic pulses with the inverter power supply at different activation times. 
(d-e) Comparison between magnetic field rise-times generated by both generators and the time-to-peak displacements. 

Additionally, the decrease in magnitude observed in the displacement response for 

generator 1 is attributed to the exponential decay in the magnetic field due to the discharge of 

the capacitor device. Several experiments were conducted using different activation times; the 

results are shown in Fig. 8(b) and 8(c). The results for both generators were similar for 6 ms 

activation time, but discrepancies were verified for longer excitation times due to the discharger 

capacitor device. In fact, the temporal behavior of induced displacements was found to be 

consistent with that of the magnetic field, as shown in Fig. 8(d) and 8(e). These graphs 
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demonstrate a difference of 1.5 ms between the magnetic field rise-time and time-to-peak 

displacement for generator 1, and a difference of 1 ms for generator 2. 

Fig. 9 shows the MMUS results obtained with the phantom for the experiments at various 

temperatures. To control the temperature, the phantom was kept inside an incubator (Cienlab, 

Campinas, Brazil) for a couple of hours until thermal equilibrium was achieved before each 

experiment. The phantom temperature was monitored during the experiment using a fiber optic 

thermometer system (Qualitrol NOMAD-Touch Portable Fiber Optic Monitor). Finally, the 

phantom was submerged in a container filled with mineral oil to avoid losing water to the 

environment. Fig. 9(a) shows that the phantom material shear modulus had an inverse 

temperature dependence. The shear moduli G were determined according to 
2
swG= cρ  (5)  

where csw is the shear wave speed. The time-to-peak displacement values measured at depths 

ranging from 29 mm to 36 mm and lateral position 0 mm, according to the image shown in Fig. 

7(c), were used to estimate csw [69]. Fig.9(b) demonstrates a linear relationship between the 

maximum displacement within the inclusion and temperature. This trend is observed because 

the temperature influenced the elasticity of the inclusion, while the magnetic force remained 

constant. The elastic restorative force acts against the magnetic force and for this reason 

compliant materials offer less resistance; therefore, the displacement increased with 

temperature. Similarly, the time-to-peak displacements shown in Fig. 9(c) increased with 

temperature, between 18°C and 22°C, in both cases. Therefore, we believe the longer magnetic 

field tr of generator 2 was responsible for the nearly constant offset of (1.065 ± 0.046) ms 

between the output obtained for both generators. 

Fig. 10 shows an underdamped oscillation that follows the on-to-off and off-to-on 

magnetic field transitions. In the case of a steady magnetic field and assuming negligible 

viscoelastic creep, the inclusion would ultimately reach a new equilibrium position [69]. Fig. 

10 shows the frequency response for the induced displacements using both generators, 

according to the criteria depicted in Fig. 10(a). Fig. 10(b) shows the natural relaxation 

frequency of the phantom after turning the magnetic field off for an activation time of 6 ms. 
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Fig. 10(c) shows the frequency response during the magnetic excitation for an activation time 

of 40 ms. 

 
Fig. 9. Comparison of mechanical parameters, at different temperatures, of the phantom obtained with both generators. (a) 
Shear modulus; (b) maximum displacement; (c) time-to-peak displacement. 

 
Fig. 10. Natural frequency response of the phantom. (a) Displacements obtained with generator 2, using 6 ms and 40 ms 
activation times. The graph highlights the fragments of the signals used to estimate the oscillation frequency of the motion 
induced by the magnetic force and the natural relaxation frequency after switching the field off. (b) Natural relaxation 
frequencies at different temperatures. The results show that higher frequencies are obtained for stiffer media. (c) Frequency 
response, at different temperatures, following the off-to-on magnetic field transition for both generators. The results of 
generator 2 agreed better with the measured relaxation frequencies. 

Discussion 
The magnetic field transient behavior, which was highly dependent on the switching 

current generator and the electromagnet, had an essential role in determining the MNPs 

displacement behavior. The coil impedance directly impacted the magnetic field magnitude and 

rise-time; despite the MOSFET having a switching rate of up to 1 MHz, the difference of 

magnetic rise-time tr, shown in Fig. 6(a), suggested that the LR-filter model's R term should be 

considered an equivalent impedance of an electrical network. Even though the same coil was 

used in both systems under similar current conditions, the value of tr obtained from both 

generators had significant differences related to the influence of the additional resistor RL used 

only in generator 1 (see Fig. 4). Besides, the resistor RL could not be included in generator 2, 
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because RL was solely used as a current limiter and protection element for the high-voltage 

circuit of generator 1. As a result, the different tr values directly affected the time-to-peak 

displacement tpk by adding an extra constant delay [Fig. 8(a)]. 

Fig. 6(b) and 6(c) show significant differences in both systems' pulsed magnetic field 

transient behavior. For example, the exponential decay observed for the magnetic field of 

generator 1 resulted in non-steady magnetic force acting on MNPs, which clearly affected the 

induced displacements of the phantom, as seen in Fig. 8. As a consequence, the natural 

frequency of oscillation obtained with generator 1, while the magnetic field was on, was not 

consistent with the results of generator 2 [see Fig. 10(c)] or the relaxation frequency [see Fig. 

10(b)]. Moreover, generator 2 was more stable in holding the magnetic field at a high level, 

even though a 120 Hz oscillation was observed, generated by the ripple effect of the 

rectification capacitor in the resonant inverter module [53, 54] [Fig. 4(b)]. However, the results 

shown in Fig. 8(c) and 10(c) demonstrate that the 120 Hz frequency was not noticeable in the 

phantom displacements, most likely because the natural frequency was in a lower range.  

The pulse repetition rate capability was evaluated as shown in Fig. 6(e) and 6(f), where 

the minimum interval between two pulses can be observed. A minimum interval of 5 ms was 

obtained for generator 2, using the designed coil, which could be a benefit in cases where higher 

PRFs are necessary, as in real-time experiments [26]. For generator 1, the minimum interval 

between two consecutive pulses was 3.78 s due to the capacitance charging time, resulting in 

PRF = 0.25 Hz. Such PRF would be sufficient for offline applications; however, it could be 

undesirable for applications where the repetition rate is critical, for example, real-time MMUS 

imaging systems for future clinical and pre-clinical applications [70]. 

The pulse generator systems described in the present paper do not have the ability to 

amplify analogical bipolar waveforms, accepting just positive square waveforms. For this 

reason, it is impossible to apply negative pulses (overshot), which can be used to demagnetize 

the electromagnet to minimize the residual magnetic field, as described in [51]. However, with 

the implementation of the RDC-snubber network, electromagnet demagnetization was 

achieved, and the magnetic relaxation time was as low as 2.5 ms, as seen in Fig. 6(b) and 6(c). 
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It has been shown in [51] that long relaxation times can be a drawback in pulsed MMUS, 

especially in the case of applying pulse trains. The proposed approach of reversing the voltage 

to reduce the relaxation time was efficient; therefore, eliminating the necessity of applying 

negative pulses and simplifying the generator design. 

Additionally, the use of a low-impedance coil enabled the production of magnetic fields 

with magnitudes close to 1 T and fast rise-times. This was achieved through coil optimization, 

a controllable process for generating magnetic fields under desired conditions, as illustrated in 

Fig. 6(a). This coil optimization procedure can be conducted with any power amplifier capable 

of driving an extended range of coil impedances. 

Conclusions 
Two magnetic pulse generators were designed and built specifically for pulsed MMUS. 

The development of these systems involved the careful analysis of multiple parameters, 

including the magnitude of the magnetic field, the rise and fall times, and the pulse repetition 

rate. Both generators were tested for detecting MNP in tissue-mimicking phantoms by 

evaluating the induced displacement to MNPs-laden inclusion using magnetic fields of up to 1 

T and reaching displacements of 25 μm. Furthermore, the magnetic pulser using a resonant 

inverter as a continuous power supply showed better potential, compared to that based on a 

capacitor-coil discharge circuit, for real-time MMUS applications because it can operate at 

faster repetition rates, maintaining a stable magnetic field for more extended periods. The coil 

optimization procedure also contributed to achieving a magnetic response that more closely 

resembles a square waveform, which can be an important behavior when studying the elastic 

properties of tissues. To this end, an RDC-snubber circuit efficiently replaced the overshot or 

negative voltage pulse, simplifying the MMUS setup. Finally, both pulsed MMUS devices 

could detect alterations in the induced displacements due to small changes in the phantom 

viscoelastic properties observed during the variable temperature experiments. 
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Introduction 
Studies investigating magnetic nanoparticle hyperthermia in living beings have been 

conducted since the 1950s [9]. However, technological limitations during that era limited these 

studies to animals primarily [71]. In recent years, semiconductor technological advancements 

have allowed scientists to explore new and promising systems for applying this type of 

treatment. In magnetic nanoparticle hyperthermia or simply magnetic hyperthermia (MH), 

specially designed nanomaterials are used for advanced therapeutic purposes, offering potential 

advantages over conventional therapies, such as reduced side effects and enhanced precision 

in targeting diseased tissues. 

In the field of oncology, the ultimate objective is to treat the tumor effectively. This is 

accomplished by administering magnetic nanoparticles (MNPs) into the target tissue or tumor, 

followed by applying an external high-frequency alternating magnetic field. This non-invasive 

approach generates hyperthermic effects specifically on the cancerous tissues, contributing to 

the goal of eliminating cancer cells [8, 9]. MNPs employed in MH are typically engineered to 

exhibit specific magnetic properties, with superparamagnetism being one of the most 

noteworthy. This property ensures that the MNPs do not retain magnetization in the absence of 

an external magnetic field, reducing particle agglomeration caused by magnetic attraction [72, 

73], improving these MNPs for biomedical applications [74, 75], and avoiding problems like 

cytotoxicity and uneven distribution throughout the body [76, 77]. 

In MH, the generation of heat is primarily attributed to magnetic hysteresis loss. 

Magnetic hysteresis refers to the energy dissipation that occurs when a magnetic material 

undergoes repeated magnetization cycles in response to an external magnetic field. In this case, 

the heat generated can be described based on the magnetic hysteresis cycle relying upon the 

material's magnetization M that responds to the applied magnetic field H [78] as 
H max

h
H min

W M( H )dHµ= ∫  (6)  

where Wh is the energy dissipated in each hysteresis cycle, µ is the relative magnetic 

permeability of the material, and M(H) is the material magnetization due to magnetic field H. 
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In a continuous scenario, wherein it is considered an assembly of magnetic nanoparticles 

exhibiting superparamagnetic behavior, characterized by minimal coercivity and remanence, 

the magnetostatic field is negligible, resulting in insignificant interaction [55]. In this case, the 

magnetization in response to an external magnetic field follows the Langevin function, which 

is an analytical approximation applicable in situations where the magnetic field H is either 

static or low-frequency, typically below 10 Hz [79, 80]. However, in the case of alternating 

magnetic fields with higher frequencies, where the timescale aligns with the characteristic 

relaxation time of the system, a dynamic delay arises between the magnetization and the 

magnetic field, originating the so-called dynamic hysteresis [78, 80, 81]. This delay is 

associated with the effective relaxation time ( )N B N Bτ τ τ τ τ= +  where m BKV / k T
N 0eτ τ=  and 

B h B3 V / k Tτ η=  represent the Néel and Brownian relaxation times, respectively. In this 

context, K denotes the anisotropy constant, Vm corresponds to the magnetic volume, kB is the 

Boltzmann constant, T is the temperature, η stands for the viscosity of the medium, and Vh is 

the hydrodynamic volume of the MNPs. 

According to the linear response theory [37], when the amplitude of the magnetic field is 

sufficiently low, the susceptibility can be represented as a complex constant ' i "χ χ χ= − . As 

a result, the magnetization M produced by a sinusoidal magnetic field can be approximated as 

the product of the susceptibility and the applied magnetic field 

maxM( t ) H ( ' cos t " sin t )χ ω χ ω= + . This linear relationship between the magnetization and 

the magnetic field allows for a simplified understanding and analysis of the system's behavior. 

In this case, the dissipated power can be written as [37] 
2

h 0 maxP W f fH "πµ χ= =  

( ) 02
2 f"

1 2 f
π τχ χ
π τ

=
+

 
(7)  

where χ0 is the static susceptibility. Equation (7) is commonly used to compare the heating 

efficiency of MNPs in terms of the specific loss power (SLP), which can be defined as 
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PSLP
ρ

=  (8)  

where 𝜌𝜌 is the density of MNPs [82], this characteristic quantitatively measures the amount of 

heat generated per unit of nanoparticle mass. 

Based on the linear response theory, the dissipated power directly correlates with the 

frequency (f) and increases quadratically with the applied magnetic field (H2). Therefore, to 

achieve efficient and precise heating of MNPs in MH treatments, careful consideration must 

be given to the technique's sensitivity towards magnetic field amplitude and frequency. 

Furthermore, optimal values for these parameters are also influenced by various factors related 

to the properties of MNPs, including magnetic anisotropy, blocking temperature, sphericity, 

and size. Therefore, the success of MH-based therapies relies on developing reliable and 

efficient devices capable of delivering a controlled magnetic field to specific target sites within 

the body.  

In the present thesis, the main objective was to develop a theranostic platform that 

combines ultrasound imaging with MH using a single excitation coil, as described in chapter 

1. In this platform, the magnetomotive ultrasound (MMUS) technique is investigated to detect 

the presence of MNPs within a tissue. MMUS relies on the movement of MNPs and the 

surrounding tissues in response to an external magnetic field gradient, necessitating a non-

uniform magnetic field configuration. Although some studies have aimed to improve field 

homogeneity MH to regulate temperature distribution better and potentially reduce non-

specific tissue inductive heating, the use of a non-uniform magnetic field configuration has 

demonstrated efficacy in small animal applications [83, 84]. In addition, this approach offers 

advantages, such as preventing the heating of non-specific organs where magnetic 

nanoparticles (MNPs) may accumulate, such as the liver [85]. 

One crucial challenge encountered in MH therapy using a non-uniform field 

configuration is the rapid decrease in magnetic field strength over distance [18, 86]. To 

overcome this limitation, an MH magnetic generator device must be designed to handle high-

power duties (> 1 kW for in vivo experiments). These designs are essential for maintaining a 
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consistent magnetic field strength at frequencies above 100 kHz, even at significant distances 

from the magnetic field source. It is important to note that a higher power input is necessary as 

the distance between the magnetic field source and the target tissue increases. However, 

ensuring that the power remains within a suitable range is crucial to prevent undesired inductive 

heating. In this scenario, resonant inverters have emerged as an optimal solution to fulfill this 

requirement, gaining considerable popularity and widespread implementation [87]. 

As their name indicates, a resonant inverter is an electronic circuit that generates high-

frequency alternating current or voltage with improved energy efficiency. It is commonly 

employed in various applications, including power electronics, renewable energy systems, and 

high-frequency magnetic field generation for magnetic hyperthermia [53]. An essential feature 

of a resonant inverter is its ability to operate close to a resonant frequency, allowing optimal 

power transfer and reduced energy losses. In addition, the inverter can store and release energy 

efficiently by utilizing resonant components, such as capacitors and inductors, minimizing 

losses due to switching and conduction. The resonant inverter circuit typically consists of 

switching devices, such as transistors based on metal oxide semiconductor field effect 

(MOSFETs) or insulated gate bipolar transistors (IGBTs), and resonant components connected 

in a specific configuration. Also, standard resonant inverters include the series resonant inverter 

and parallel resonant inverter, whose choice depends on the application requirements. Besides, 

resonant inverters offer benefits such as increased power density, reduced electromagnetic 

interference, and enhanced system stability. These advantages enable the design of compact 

and portable MH devices that can be easily incorporated into clinical settings, providing 

flexibility in treatment delivery and improving patient comfort [88]. 

However, the technology of resonant inverters in MH has not yet been extended beyond 

the characterization of MNPs, small animal in vivo studies, and some limited clinical cases [8, 

32, 81, 89, 90]. This is due to the inherent challenges associated with implementing complex 

control and safety systems required for their broader application. Accordingly, this study aims 

to introduce a magnetic hyperthermia device that addresses several key challenges existing 

technologies face, such as scalability and heating uniformity, and a new feature, the capability 
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of synchronized working with theranostic applications. 

Materials and methods 
A. High power supply for a resonant inverter 

A simple rectification power supply is frequently employed in induction heating devices 

and typically consists of a straightforward rectification diode bridge along with a rectification 

capacitance. However, performing MH experiments in vivo demands a more sophisticated 

power supply design than conventional setups [91]. By incorporating advanced control features 

and additional components, it is possible to assure optimal performance, precise control, and 

reliable operation. Thus, the power supply must include current-voltage control and soft start 

functionality. For example, by regulating the current and voltage levels, achieving the desired 

heating level and avoiding excessive power consumption or overheating is possible. At the 

same time, a soft start feature is essential in high-power MH applications [92, 93]. A soft start 

gradually ramps up the power delivered to the induction heating semiconductors and coils, 

reducing the initial surge of current and preventing abrupt and potentially damaging thermal 

stress. This gradual power increase enhances the device’s reliability and longevity and 

contributes to a smoother, more controlled heating process [94]. Therefore, this power supply 

design should incorporate techniques that may include complex control algorithms, high-speed 

switches, resonant circuits, feedback loops, and digital control systems. For this purpose, a 

synchronous buck converter, also referred to as a step-down converter, was implemented [54, 

59]; see Fig. 11 (a). This DC-DC (direct current to direct current) power converter is 

specifically designed to adapt a higher input voltage to a lower output voltage level. By utilizing 

this converter, it becomes possible to regulate both the output voltage and current to achieve a 

desired power level. 

Fig. 11(b) shows a photograph to showcase the synchronous step-down converter. Firstly, 

two-phase voltage sources feed the system, V1 and V2, operating at 127 V per phase with a 

potential of 220 V between phases. Subsequently, the contactor RL1 (T91-1C) and the resistor 

R1 (50Ω, 50W) are used to gradually charge the capacitor bank C1 (3x EPCOS B43875-

A5228-Q5) through the diode bridge BR1 (MDS100A-12). Next, the voltage-current sensor 
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U1 (supplementary material 1) continuously detects the voltage and maintains communication 

with the DSP synchronous control board U3 (supplementary material 2). Until the C1 voltage 

reaches a minimum of 250V, U3 energizes the contactor RL1, allowing the current to bypass 

resistor R1. Following this, U3 generates signals to activate the internal transistor of the power 

IGBT module Q1 (FF450R12KT3), activating the switching from a minimum duty cycle until 

it reaches the predetermined reference value (soft start procedure). This control mechanism 

ensures the regulation of the average output voltage for a specific load. 

 
Fig. 11 High-power step-down converter. (a) The circuit schematic of the controlled variable power supply based on a step-
down converter with capacities of 250 – 30 V and 100 A. (b) A photograph showcasing the developed step-down converter 
setup for the MH system and its principal components. RL1 is the power contactor, BR1 is the diode full bridge, C1 and C2 
are two capacitor banks, Q1 is an IGBT power module, U1 and U2 are circuits designed for sensing input/output current and 
voltage, and finally, U3 is the power supply controller. 

The operation of this converter can be summarized as follows. First, the low-side transistor 

of Q1 is switched off, while the high-side transistor of Q1 is switched on. This allows the 

current to flow from the input source to the inductor L1 (250uH 100A), which stores energy as 

a magnetic field. Subsequently, the inductor L1 releases the stored energy, allowing the current 
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to flow towards the output capacitor bank C2 (consisting of 8 x Epcos B43504-A9477-M97) 

and the load (resonant inverter).  

In the second stage, as the high-side transistor of Q1 switches off and the low-side 

transistor switches on, the changing magnetic field of the inductor induces a voltage across it. 

This voltage maintains the current flow through the load via the low-side transistor of Q1. In 

addition, the output capacitor C2 stabilizes and filters the output voltage, minimizing ripples 

and fluctuations. 

Finally, using the U2 sensor, the feedback circuitry monitors the output voltage and 

current values. These values are then compared with the reference value inside the U3 control 

circuit. Suppose discrepancies exist between the desired and actual output voltage or current 

value. In that case, the control circuit adjusts the duty cycle of the PWM signal to regulate the 

output voltage accordingly. 

B. Full-bridge inverter 

A full-bridge inverter utilizes a complete bridge configuration of power electronic 

switches to convert DC power into AC power [53, 54, 95]. The full-bridge inverter comprises 

four power electronic switches arranged in an H-bridge configuration, see Fig. 12. In this 

configuration, each switch Q is typically implemented as a power transistor. For this particular 

case, they are embedded within IGBT modules 1 and 2 (FF150R12RT4). 

During operation, the switches Q in the full bridge inverter are controlled complementary 

to produce the desired AC output waveform. When Q1 and Q4 are turned on, current flows 

from the DC input through Q1, the resonant load, and Q4 to the other side of the DC input, 

creating a positive half-cycle of the AC waveform. Conversely, when Q2 and Q3 are turned on, 

current flows in the opposite direction, creating a negative half-cycle of the AC waveform. By 

controlling the IGBT's switching sequence and duty cycle, typically maintained below 50%, 

the full-bridge inverter can generate a high-quality AC output waveform with adjustable 

frequency and voltage.  
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Fig. 12. The full-bridge configuration of a DC-AC converter that supplies a resonant load, known as an H-bridge, comprises 
four switches activated, each one by an isolated driver ruled by a control stage. In this schematic, Q1, Q2, Q3, and Q4 are the 
switches implemented as power transistors and embedded within IGBT modules 1 and 2. 

It's important to note that the output waveform will be a bipolar square waveform due to 

the nature of the full-bridge configuration. Full-bridge inverters offer superior power handling 

capability, improved efficiency, and better control over the output waveform than simpler 

inverter topologies. However, they require more complex control circuitry (supplementary 

material 3) and have a higher component count, such as IGBT activation drivers, usually 

implemented using a totem pole circuit configuration [96]. Therefore, full bridge inverters are 

well-suited for medium to high-power applications requiring precise control and high-quality 

AC output. 

C. Class D series resonant inverter circuit 

A series resonant inverter (SRI) is a type of resonator specifically designed to operate 

with a series resonant load. This load typically consists of an inductor Ls and a capacitor Cs 

connected in series, along with their respective active part Rs, as shown in Fig. 13. In cases 

where this circuit has a high-quality factor Qs, the current passing through the inverter becomes 

nearly sinusoidal. The quality factor Qs represents the ratio of energy stored in the reactive 

elements to the energy dissipated during each cycle. For example, in the resonant inverter used 

in this thesis, the calculated Qs was 10. One significant advantage of SRI is the low voltage 

experienced across the inverter transistors and immunity to the DC-current state. Additionally, 
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utilizing low-resistance IGBTs in the bridge configuration ensures high efficiency. 

 
Fig. 13. A series resonant inverter consists of an inductor and a capacitor with a complex behavior when electric current flows 
through them. This behavior is characterized by two components: the active part, represented by the series resistance Rs, and 
the reactive part, represented by the reactance X. It is essential to note that the inductor and capacitor exhibit opposite reactive 
behaviors while the active component is a resistive value that can be taking as a resistance summary. 

Researchers have extensively investigated the SRI properties, particularly emphasizing 

its voltage gain [53, 54]. When the inverter operates in proximity to the resonant frequency ω0, 

there is a dynamic energy exchange between the inductor and capacitor. This exchange has the 

potential to amplify the voltage, resulting in an increased voltage amplitude VLS across the 

inductor Ls. Mathematically, this relationship can be expressed by considering a mean input 

current Im passing through the inductor Ls [54] 
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where Vi is the input inverter voltage, Z0 is the impedance at the resonance frequency and ω 

the inverter oscillation frequency (for the MH system development in this work, a ω0 = 180 

kHz was chosen). Based on the voltage amplification capability of the SRI, a reactive resonator 

configuration was adopted [97, 98], as shown in Fig. 14 (a). In this setup, MH's magnetic field 

excitation coil was denoted as LMH and was connected to a ferrite transformer designed 

explicitly for voltage-to-current conversion. In addition, this transformer serves the purpose of 

galvanically isolating the SRI and effectively coupling the varying impedances, thereby 

optimizing the current flow. Incorporating the ferrite transformer enhances the current delivery 

to the LMH coil, resulting in enhanced performance. 
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Fig. 14. Reactive series resonant inverter. (A) The Schematic illustrates the reactive transformer to increase the current that 
feeds the LMH coil. In addition, it allows an impedance adjustment through coupling. (B) Photograph of the reactive series 
resonant inverter system without LMH coil installed. The image shows the water cooling system connected to the transformer 
output. 

The designed transformer utilized a ferrite core (EE110 material PC40) with a turn ratio 

of 49:7. To accomplish this turn ratio, two windings were incorporated: the primary winding 

was constructed using Litz wire (2 wires of 70 x 32 AWG), while the secondary winding was 

made of a copper pipe with a diameter of 1/4" (6.35 mm). In addition, the secondary winding 

was equipped with a water-cooling system, as depicted in Fig. 14(B). To complete the resonator 

setup, four polypropylene capacitors (CORE-GTR 0.01 µF±5% 3000 VAC) were connected in 

a series-parallel configuration with the primary winding, resulting in a total capacitance of 10 

nF with a maximum voltage of 6000 VDC. 

D. Coil design 

The design of the heating inductor considered various factors, including the target's 

operating frequency, power requirements, and geometrical constraints. In addition, specific 

requirements were addressed to align with the system's focus on MH therapy with simultaneous 

and interleaved MMUS imaging acquisition. To achieve this, the design of the excitation coil, 

as shown in Fig. 15(a), accounted for the shape of the ultrasound transducer. The objective was 

to minimize inhomogeneity in the magnetic field along the lateral dimension of the transducer 

(x-axis) and maximize the field intensity within the slice thickness of the ultrasound image (y-

axis). This design approach aimed to achieve optimal variation in temperature (MH) and 

attractive force (MMUS) while ensuring compatibility with the ultrasound imaging field of 

view. To this end, a specially designed ellipsoidal-planar shape was implemented, featuring an 

inner hole of 40 mm x 10 mm. 
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Fig. 15. Coil modeling for MH. (a) Illustration of the designed ellipsoidal-planar coil positioned below a linear medical 
ultrasound probe. (b) Section view of Coil A, showing the magnetic field direction depicted by red arrows on the z-axis. (c) 
Photographs of the two coils manufactured for the system: Coil A, constructed using copper tube, and Coil B, manufactured 
using a copper flat bar. Both coils were designed with similar geometries. 

Fig. 15(c) shows photographs of two coils manufactured according to the aforementioned 

description and specifications. The first coil, referred to as coil A, was constructed using three 

layers of copper pipe with a diameter of 3/16" (4.76 mm). Each layer consisted of 5 turns, as 

depicted in Fig. 15(b). This configuration resulted in an inductance of 1.2 µH and an impedance 

of 1.35 Ω at 180 kHz. To ensure the structural integrity of this coil, it was encapsulated using 

epoxy (Tek Bond's Araldite 10-minute adhesive). On the other hand, another coil B was 

manufactured using a copper flat bar measuring 3/4" x 1/16" (19.05 mm x 1.58 mm). This coil 

comprised 10 turns and was encapsulated within a dedicated case designed for water cooling. 

As a result, coil B exhibited electrical properties of 2.57 µH inductance and an impedance of 

2.94 Ω at 180 kHz. 

E. Resonant inverter characterization 

Before energizing the resonator using the inverter, an impedance analyzer (Agilent 

4294A Precision Impedance Analyzer 40 Hz to 110 MHz) was employed to measure the 

resonator's impedance. This measurement was conducted without applying high power to 

accurately determine the resonance frequency and impedance values across various frequencies 

and inductor loads LMH. Three cases were analyzed with inductance values of 1.2 µH, 2.57 µH, 

and a without coil. 

The voltage and current ratings of three critical parts of the inverter were measured using 

a high-voltage differential probe (Micsig 1300V 100MHz Digital High Voltage Differential 

Probe DP10013) and a current probe (Micsig AC/DC Current Probe 2.5MHz CP2100B) at 25% 
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of inverter power. The first measurement was taken at the output inverter on the terminals of 

the IGBTs. The second measurement was obtained from the primary winding of the 

transformer, also referred to as Ls. Lastly, the voltage-current measurement was conducted at 

the output transformer, precisely between the coil terminals. Additionally, the total harmonic 

distortion was calculated for the second and third measurement waveforms, providing further 

insights into the quality and characteristics of the employed resonator. 

F. MH experiments 

For the hyperthermia measurements, three identical samples (M1, M2, and M3) 

containing 2 mL of zinc-substituted magnetite (nominal formula Zn0.1Fe0.9Fe2O4) MNPs were 

used at a 20 mg/mL concentration. The MNPs had a mean diameter of 12 nm and were 

synthesized according to the method described in [68]. To conduct the measurements, the 

samples were placed in spectrophotometer cuvettes and positioned above coil A, with one 

cuvette centered and the other two at the focal centers, as shown in Fig. 16. Additionally, a 

silicone sheet of 1.6 mm was placed between the cuvettes and the coil to mitigate any possible 

heat transference from the coil to the sample. The samples were exposed to a magnetic field 

magnitude of 15 kA/m at 166 kHz for 18 minutes, using 40% of the inverter's power capacity. 

Temperature variations during the magnetic field application were recorded using a fiber 

optic thermometer system (Qualitrol NOMAD-Touch Portable Fiber Optic Monitor). 

Furthermore, a thermal camera (FLIR C5, MSX Multi-Spectral Dynamic Imaging) was 

employed to measure the temperature distribution on the surface of the samples. 

Finally, the Box-Lucas was used for computing the SLP value by applying a fitting 

procedure using the following equation [99]: 

( )1 bxy a e−= −  (10)  

Box-Lucas is a method used in thermodynamics to analyze non-adiabatic systems, where 

convective heat losses play a significant role. In such scenarios, the convective heat losses are 

often approximated as a loss term, considering the temperature difference between the sample 

and the ambient environment. However, the Box-Lucas analysis assumes that the system under 

consideration is not perfectly insulated and can exchange heat with its surroundings through 
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convection. This is particularly relevant when the system is in contact with a fluid medium, 

such as air or a liquid [100]. 

 
Fig. 16. Three spectrophotometer cuvettes containing MNPs samples positioned over the ellipsoidal-planar coil A on the coil 
center and at 15 mm from the center. 

Results and discussion 
A. Resonant inverter characterization 

Fig. 17 shows the results obtained from the electrical characterization of coils A and B. 

Fig. 17(a) shows the inductance results, revealing a decrease in inductance as the frequency 

increases for both coils. This behavior can be attributed to the leak current in the insulating 

material surrounding the conductors [49]. The close proximity of the winding turns, separated 

only by the insulator, can create a capacitive effect, resembling the conductive layers and 

dielectric material within a capacitor [101]. Consequently, the insulator begins to exchange 

electric loads across frequencies, leading to the observed effect, which can affect the capacity 

of the coil to generate a strong magnetic field at higher frequencies (above 200 kHz). 

Considering this situation in the design of coils utilized in induction heating systems is 

essential. Due to the high voltages (> 150 VAC) that the coils experience it places additional 

stress on the insulators. Therefore, careful selection of insulating materials is crucial. In the 

present case, the coils' insulator consisted of a 0.5 mm mylar sheet with a dielectric resistance 

of 133 V/µm and a maximum work frequency of 250 kHz. Therefore, this effect is considered 

acceptable for the proposed conditions. 
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Fig. 17. Electrical characterization of coils A and B. (a) Series inductance characterized by exponential decay behavior. (b) 
Series resistor over frequency using a current of 2 mA. (c) Impedance magnitude over frequency. 

Fig. 17(b) compares the series resistances obtained for both coils, revealing a noticeable 

difference in the slope of the behaviors. This discrepancy directly impacts the overall 

impedance of the inductor, as demonstrated in Fig. 17(c), resulting in a substantial increase in 

magnitude, exceeding a twofold difference for frequencies above 125 kHz. Consequently, 

assuming a constant voltage supply from the transformer, the potential gain in magnetic field 

strength is hindered due to the reduced current resulting from the elevated impedance of coil 

B. Furthermore, it is essential to emphasize that the increased resistance observed for coil B, 

as shown in Fig. 17(b), is primarily attributed to the reduction in the effective cross-sectional 

area available for the current flow. In other words, the resistance of a conductor is determined 

mainly by its cross-sectional area and resistivity. Therefore, the skin depth phenomenon, which 

affects the depth of current penetration into the conductor, directly impacts the effective cross-

sectional area available for current flow [102]. 

Fig.18 shows the electrical impedances of the coils for three different scenarios that the 

resonant inverter may encounter depending on its load conditions. In the first situation, when 

no-load (coil) is connected to the transformer terminals [Fig. 18(a)], a noticeable shift in the 

resonant frequency is observed, decreasing to a minimum value of around 25 kHz. In this case, 

the reluctance of the transformer was eliminated entirely, and only the total inductance of the 

primary winding remained [103, 104]. The concept of transformer reluctance relates to the 

resistance encountered by magnetic flux lines as they pass through a specific path or medium. 

In practical terms, when the secondary winding of a transformer remains unconnected to a 

coil, the primary winding exhibits higher inductance compared to when a coil or load is 
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connected to the secondary winding. In this context, reluctance can be seen as analogous to 

electrical resistance; however, instead of impeding the flow of electric current, it restricts the 

flow of magnetic flux [105]. For example, as illustrated in Fig. 18(b), the reluctance of the 

transformer became more pronounced when coil A was connected as the load. This leads to a 

shift in the resonant frequency, increasing it to 166 kHz by reducing the transformer's 

inductance. As an additional result, the impedance experienced a smoother transition, 

approaching the expected power values for our MH application. This indicates that at the 

resonance frequency, the impedance was 4.5 Ω. Thus, the resonant inverter can handle a 

maximum current of 55 Apk when utilizing a 250 VDC in the power supply. On the other hand, 

in Fig.18(c), coil B exhibited similar behavior to the previously described case, but the 

resonance occurred at around 130 kHz.  

 
Fig. 18. Impedance and phase characterization of the resonator composed by the transformer and the polypropylene capacitors 
in a series configuration. (a) The impedance of the resonator in a no-load state. (b) and (c) Resultant impedance with a load 
using coils A and B, respectively. 

Indeed, it is crucial to highlight that the impedance graphs of Fig. 18, in every scenario, 

display a characteristic logarithmic transition of impedance closely associated with resonance 

and the Qs value. This is a phenomenon whereby the impedance undergoes a sudden change 

with even a slight alteration in frequency. This sharp transition underscores the system's 

sensitivity to any fluctuation in the values of the component devices. Such fluctuations could 

be brought about by various factors, including heating or changes induced through actions like 

switching in the stimulator coil or any other component. In such circumstances, the resonant 

frequency will need to be rectified. If overlooked, it may potentially lead to a notable drop in 

the performance of the resonant inverter. To solve this issue, one plausible solution that could 

be considered is the application of a phase-locked loop (PLL) to the frequency signal source 
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[89]. A phase-locked loop is an electronic system with a voltage or digital phase comparator, a 

low-pass filter, and a voltage-controlled oscillator structured in a feedback loop [106, 107]. It 

locks the phase of the output signal in sync with the input signal's phase, making it an ideal 

solution for maintaining stability at the resonant frequency and preventing performance 

degradation. 

Fig. 19 shows thermal images captured after 5 minutes of operation, illustrating the heating 

patterns of both coils. In Fig. 19(a), it is evident that the center of coil A exhibits more 

pronounced heating compared to the surrounding regions. This effect can be attributed to the 

autoinduction phenomenon occurring between the outer and inner turns of the coil.  

 
Fig. 19. Heating profiles within the coils observed during the utilization of the resonant inverter. (a), (c)Thermal images of 
coils A and B, respectively. (b), (d) Photograph of the setup used to acquire the thermal images of coils A and B, respectively.  

The temperature distribution observed for coil A remained constant during 20 minutes of 

operation without significant variations, demonstrating stable performance. In contrast, Fig. 

19(c) reveals non-uniform heating across the entire surface of coil B, which poses a leak risk 

due to a possible melt of the water-encapsulated case, depicted in Fig. 19(d). In addition, the 

temperature on the case exceeded 60 °C, suggesting that the internal temperature exceeded this 

value, leading to a significant loss of conductivity due to material overheating. Consequently, 
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the current configuration of coil B proved to be unsuitable for use in the MH system due to its 

thermal instability. 

Fig. 20 shows the resonator waveforms obtained when connecting coil A to the system. 

The full-bridge voltage is displayed in Fig. 20(a) as the starting point for the resonator analysis. 

It is important to note that, due to the switching action and characteristics of the power 

electronic devices (IGBTs), there is inherent ripple and switching noise present in the full-

bridge voltage output. In addition, during the transition between the ON and OFF states of the 

power electronic switches, there is a finite time for the switch to change its state, resulting in 

switching transients. These transients introduce high-frequency components into the output 

voltage, causing ripple and noise. However, in our design, the resonant charge minimized these 

undesired effects, ensuring a stable and reliable output voltage. 

 
Fig. 20. Resonant inverter output waveforms. (a) Voltage signal obtained from the full H-bridge utilized. (b) Stress voltage on 
coil Ls and the current of all resonator elements are evaluated at 40% of their capacity. (c) Transformer output voltage and 
current, with coil A as the load, in a power of 25%. (d) Total Harmonic Distortion (THD) calculation using the Fast Fourier 
Transform (FFT) feature of the oscilloscope. 

Fig. 20(b) shows the voltage gain of the inverter, measured at 120 Vpk. The Ls coil 

experienced a stress level of approximately 1.16 kVpk at 40% of the total power. The evaluation 

at this power level primarily focused on assessing the voltage limit that the differential probe 
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can handle in terms of its operational lifespan. The observed voltage gain aligned with the 

earlier calculated value Qs = 10. In addition, the presence of a pure sinusoidal voltage in the 

output waveform is a positive indication that effective filtering has been applied to the square 

wave output of the inverter, resulting in the removal or suppression of higher-order harmonic 

components. This suggests that the primary winding's sinusoidal wave is expected to produce 

a similar response to the secondary winding. In Fig.20(c), the current and voltage of the output 

transformer winding are depicted, providing further evidence for the aforementioned statement. 

It can be observed that the current in coil A is predominantly influenced by the interaction 

between the output voltage and the coil impedance at 166 kHz, as shown in Fig. 17(c). Finally, 

but not less importantly, the results obtained are also critical for setup animal studies because 

they indicate that animals as operators should be electrically isolated from the stimulation coil 

for a safe treatment. 

B. MH experiments 

The development of the resonant inverter has not only prompted a comprehensive 

analysis from both mathematical and electrical perspectives, but it has also led to the objective 

of experimentally evaluating the resonant inverter in the context of nanoparticle heating. This 

evaluation serves as an initial step toward obtaining curves for estimating the SLP values. Fig. 

21 illustrates the heating extending throughout the entire coil A’ x-axis of MNPs when exposed 

to a magnetic field of 166 kHz. 

In Fig. 21(a), a thermal image capture is exposed, wherein the heating exhibited a non-

uniform pattern for all samples, possibly for a delayed convective effect, but showing the 

heating behavior of volumetric samples. In addition, sample M1 has a slightly lower 

concentration of heat in comparison to the M3 sample, which was positioned on the other side 

from the center sample. However, this slight decrease in heating observed is possibly due to a 

minor positioning error concerning the ellipsoidal focus of the coil. It is worth noting that the 

initial ambient temperature of the samples, around 23°C, increased to an average temperature 

of 38°C within approximately 18 minutes. This validates the system's capability to heat MNPs 

volumes outside the coil effectively. Furthermore, with MH treatments, concentrations 
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typically exceed 2% [21, 90, 108], often peaking at around 15% [8, 9, 109]. This implies that 

the heating effect of MH treatment can be amplified when using our device, particularly with 

MNPs concentrations surpassing 2%. Consequently, this system harbors substantial promise 

for MH applications in simulated models (phantoms) and small-scale animal subjects. 

 
Fig. 21. Temperature evaluation of MNPs samples heated with the designed MH system generating a maximum magnetic field 
amplitude of 28 kA/m. (a) A thermal image capturing the cuvettes containing MNPs samples. The image provides visual 
insight into the temperature distribution at the sample surface. (b) Measured temperature variation inside the cuvettes using a 
fiber optic thermometer. 

Fig.21(b) shows the temperature variation within all three samples, measured using a 

fiber optic thermometer. This approach ensures an accurate assessment of the temperature 

values. However, the results were different toward the thermal image capture, principally due 

to the thermal camera emissivity (ε) factor, which was adjusted at 0.90, and should be 

compensated for cuvette emissivity [84]. Despite these variations, it is worth mentioning that 

the observed differences in the results are not significant in terms of the overall temperature 

distribution. The variations primarily affect the temperature values themselves rather than 

altering the underlying temperature distribution within the samples. It is essential to consider 

that the thermal scale adjustment impacts the absolute temperature values obtained from the 

thermal image capture but does not affect the overall understanding of the temperature 

distribution across the samples. 
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concentration and amount of MNPs used in aforementioned samples. Finding that the SLP 

values will decrease for volumes superior to 1 cm3 because the amount of total MNPs’ mass is 

more significant. In addition, it is essential to note that the Box-Lucas analysis is an 

approximation and relies on certain assumptions. These assumptions include assuming a well-

mixed fluid environment, neglecting radiative heat transfer effects, and assuming steady-state 

conditions. Despite these simplifications, these results comprehensively analyze the developed 

system's heating capabilities and potential applications for MNPs 

Conclusions 
A high-frequency magnetic field generator was designed and built specifically for MNPs 

heating. The development of this system involved the careful analysis of multiple parameters, 

including the magnitude of the magnetic field, impedance, coil design, and dynamic cases for 

different load conditions. In addition, the full-bridge topology of the resonant inverter 

contributed to achieving a magnetic response that more closely resembles a pure sine 

waveform, which can be an essential behavior when the resonant inverter works for prolonged 

periods. However, it is vital to indicate that this MH system can be improved by implementing 

a PLL on the frequency signal source for the long stability of the resonant inverter. 

As a result, the generator was tested for heating MNP in a concentration as low as 2%, 

using magnetic fields of 15 kA/m at 166 kHz for 18 minutes, using 40% of the inverter's power 

capacity reaching temperatures up to 38°C, which means that for possible complete power 

application, the heating will be more intense and the effectiveness have to be evaluated. To end 

this, the planar ellipsoidal-planar coil used by the resonant inverter as a continuous power 

supply showed an exceptional ability for heating volumetric MNPs samples along the x-axis, 

reaching a relatively homogeneous in volume heating, which supposes a significant 

improvement for preparing the system for theranostic experiments with MMUS because the 

coil fits the shape of a linear ultrasound transducer completely and achieves enough magnetic 

field strength for MNPs heating. 
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Introduction 
The field of personalized medicine has witnessed remarkable advancements in recent 

years, paving the way for more effective and precise approaches to patient care across various 

disease treatments. One area where these advancements are particularly noteworthy is in the 

treatment of complex diseases, including cancer. Researchers and clinicians have recognized 

the importance of integrated platforms that combine diagnostics and therapeutics into a unified 

framework [19, 21, 110, 111]. This integration can catalyze significant transformation in 

healthcare by facilitating the implementation of targeted treatments specifically tailored to 

individual patients. 

Theranostic platforms encompass diverse technologies, ranging from nanoparticles and 

molecular imaging agents to advanced drug delivery systems and gene therapies [18]. These 

platforms provide a unique opportunity to simultaneously diagnose diseases, monitor treatment 

response, and deliver therapeutic interventions with enhanced precision. By integrating these 

approaches, theranostics aims to overcome the limitations of conventional treatments, improve 

patient outcomes, and minimize adverse effects [112]. 

Magnetic hyperthermia (MH) is a therapeutic approach that utilizes magnetic 

nanoparticles (MNPs) to generate localized heat within tumor cells [7-9]. These nanoparticles, 

when exposed to a high-frequency alternating magnetic field, produce heat through hysteresis 

and relaxation mechanisms [37, 64, 78]. This targeted heat generation can lead to several 

beneficial effects, including direct tumor cell destruction, enhanced drug delivery, and 

synergistic interactions with traditional approaches such as chemotherapy and radiotherapy 

[17]. To enhance the efficiency of MH, MNPs can be guided to the target tissue (e.g., a tumor) 

using an external magnetic field, which allows for more localized treatment and can help to 

minimize damage to healthy tissues [21].  

Although MH is widely recognized as a promising adjuvant therapy in the treatment of 

cancer, significant challenges still hinder this method to be effectively translated into clinical 

practice. One crucial challenge is the precise heating control during MH [113, 114]. 

Maintaining the optimal temperature is vital as excessive heat can harm healthy tissues, while 
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insufficient heat may not effectively kill tumor cells. Therefore, achieving accurate 

intertumoral temperature control requires effective temperature monitoring throughout the 

procedure. Currently, clinical investigations of MH have primarily relied on the insertion of 

one or more fiber-optic thermometers into the treated region [115]. However, this approach has 

limitations as it offers data from a restricted number of points within the three-dimensional 

temperature distribution and involves invasive procedures that are less desirable. Alternatively, 

thermographic cameras have emerged as a new approach to intertumoral thermal estimation 

[83, 116]. Initial experiments using this method have shown promising real-time outcomes in 

studies conducted on living mice [84]. However, this method is mainly suitable for superficial 

tumors, and incorrect implementation can lead to significant errors in temperature 

determination within the specific region of interest (ROI) [84].  

Ultrasound and thermoacoustic techniques present alternative noninvasive imaging 

methods for monitoring thermal therapy outcomes, including temperature, tissue elasticity, and 

tumor vascularization, and can be integrated into theranostic platforms [21, 117-120]. These 

methods exploit the fact that temperature elevation induces diverse alterations in tissues' elastic 

and acoustic characteristics. For example, the temperature-induced fluctuations in the speed of 

sound lead to time-delayed echoes in the backscattered signals [121], enabling the mapping of 

tissue temperature variation. Additionally, ultrasonic approaches can monitor changes in tissue 

elasticity, serving as an indicator of temperature variations during the procedure [52, 122]. 

Finally, photoacoustic imaging has been investigated as a potential method for mapping 

temperature and tumor vasculature changes [119]. 

Another noteworthy challenge in the clinical translation of MH is the efficient 

localization of MNPs within the tissue. Studies have demonstrated the efficient localization of 

MNPs using magnetic resonance imaging (MRI) [123] and magnetic particle imaging (MPI) 

[124]. For example, superparamagnetic iron oxide nanoparticles (SPIONs) located within 

tissues manifest as dark regions in the MRI images, indicating the presence of the MNPs [125, 

126]. MPI analyzes the nonlinear magnetization response from MNPs, enabling precise 

distribution and concentration localization [127, 128]. However, integrating these techniques 
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with MH poses challenges primarily due to their high cost and the lack of efficient integration. 

Despite mainly being based on magnetic field utilization, these approaches require distinct 

setups and operating conditions. For example, the intense and static magnetic field in MRI can 

affect the magnetic properties of MNPs and impede their ability to generate heat efficiently. 

On the other hand, recent publications have reported promising results in integrating MPI with 

MH, achieving efficient MNP localization and selective MH application to specific ROIs in 

mice [129]. 

Magnetomotive ultrasound imaging (MMUS) is another technique developed to localize 

MNPs within the tissue. MMUS operation is based on MNPs displacement detection produced 

by a strong magnetic field gradient [29, 43, 52, 69, 130]. This magnetic field interacts with 

MNPs; once the magnetic field is applied, an ultrasound transducer emits high-frequency sound 

waves into the tissue to generate ultrasound images used, through specialized motion tracking 

algorithms, to detect micrometer changes in the tissue surrounding of MNPs. Using the 

temporal behavior of these displacements, inverse problems can be used to detect MNPs 

distribution and concentration [42, 131]. In addition, the MMUS systems' portability and easy 

execution (see Chapter 2) make it an excellent choice for MH as a diagnostic method.  

Magnetomotive ultrasound imaging (MMUS) is another technique developed for 

localizing magnetic nanoparticles (MNPs) within a tissue [29, 30, 43, 52, 58, 70, 130, 131]. By 

leveraging an intense magnetic field gradient, MMUS detects the displacement of MNPs. Once 

the magnetic field is applied, an ultrasound transducer emits high-frequency sound waves into 

the tissue, generating ultrasound images that can be processed using specialized motion 

tracking algorithms to identify micrometer-scale displacements in the surrounding tissue where 

the MNPs are located. Utilizing the temporal behavior of these displacements, inverse 

problems can be solved to determine the distribution and concentration of MNPs [42, 131]. 

Furthermore, the portability and ease of use of the MMUS system (as discussed in Chapter 2) 

make it a potential diagnostic tool for MH. 

A theranostic platform [21] was developed in a previous study to integrate MMUS and 

thermal ultrasound imaging with MH. An interesting aspect of this platform was the utilization 
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of a single excitation coil for both MMUS and MH applications. The theranostic system 

exhibited promising results in phantom experiments by successfully mapping the location of 

MNPs and generating two-dimensional temperature maps during the MH procedure. However, 

despite these achievements, some remaining challenges persisted, impeding the pre-clinical 

implementation of the platform. One technical limitation of the platform described in [21] was 

the absence of automated switching between the magnetic fields used for MMUS and MH, 

preventing real-time acquisition of MMUS images during MH. Additionally, the design 

presented in [32] lacked the required power to conduct a comprehensive MH procedure in 

large-volume phantoms or potential animal applications, primarily due to its original focus on 

MNP characterization [32].  

This chapter presents a method to integrate the MMUS and MH systems, which were 

previously described in chapters 2 and 3. The main goal was to establish a versatile theranostic 

platform capable of automatically switching between high-frequency and pulsed magnetic 

fields, which are used for MH and MMUS, respectively. In addition, it is provided a detailed 

description of the platform’s design, including the steps involved in the development of the 

system and the strategies used to enhance its capabilities. This comprehensive discussion sets 

the foundation for understanding how this platform enables both MH and MMUS 

functionalities. Furthermore, a series of preliminary experiments were conducted to evaluate 

the integrated system, including magnetic field characterization, MMUS imaging of tissue-

mimicking phantoms, and analysis of MMUS displacement behavior during an MH 

experiment. Finally, the remaining challenges and potential future directions are discussed. 

Materials and methods 
A. Combining MMUS and MH systems 

Combining MMUS and MH techniques into a theranostic system poses a significant 

challenge in generating and synchronizing two types of magnetic fields within a single system. 

These magnetic fields are interleaved and applied concurrently, using a single inductor for both 

purposes. This integration requires careful design and control to ensure the efficient operation 

of both techniques. As discussed in Chapter 1 and Chapter 3, MH typically operates within a 
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100 - 500 kHz frequency range, while MMUS demands a lower frequency magnetic field (<100 

Hz). This lower frequency requirement for MMUS is due to the elastic response of tissues. 

Overcoming this technological challenge requires the utilization of electromagnetic coupling, 

as depicted in Fig. 22. 

 
Fig. 22. Automated theranostic platform combining MMUS and MH. (a) a schematic block representation of the theranostic 
platform. (b) A photograph of the implemented circuitry used for the theranostic platform. 

The MH device described in Chapter 3 served as the base for implementing the 

theranostic platform. To enable the integration of MMUS capabilities, an additional primary 

winding (P2) was added to the high-frequency transformer, as shown in Fig. 22(a). Unlike the 

Litz wire used in the original primary winding (P1), the new winding was constructed using 18 

AWG copper wire. For the MMUS excitation module, the capacitor discharge system, as 

discussed in Chapter 2, was employed based on the Faraday-Lenz principle, which requires a 

time-varying magnetic field for successful magnetic induction. Although the pulsed MMUS 
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system designed with an inverter offered several advantages over the capacitor discharge 

system, it has limited compatibility with an MH coupling induction device (transformer). To 

overcome this limitation, the system described in Fig. 4(a) of Chapter 2 was implemented. In 

the present configuration, the output terminals of the MMUS system were connected to the 

new primary winding P2 of the transformer instead of directly to the excitation coil. This setup 

enabled the generation of magnetic field pulses of up to 2 ms. 

Meeting the requirements of the present application, additional components were 

necessary for the development of the theranostic platform. One addition was the installation of 

a power contactor, PRL1, which served as a decoupling stage between the MMUS pulse 

generator and the transformer. This addition was explicitly necessary for the present 

application, as the system operated in MH mode, where the P2 windings of the transformer 

acted as an output. Since P2 windings had the same number of turns as P1, they experienced 

voltages comparable to those encountered by P1 during resonance, exceeding 1000 VAC. 

Ordinary semiconductor arrangements connected to P2 would not be able to withstand such 

high stress. Therefore, the inclusion of the contactor PRL1 was necessary to ensure the safety 

and proper functioning of the MMUS system within the theranostic platform, which was not a 

feature of the system described in Chapter 2. 

Following the aforementioned modifications, the inclusion of components CM (CDET 

943C20P1K-F 0.1UF 2000V) and LM (150 µH, PQ5050 core for 100A) between the PRL1 

contactor and the P2 winding served as a matching circuit in the system. This circuit serves 

two main purposes. In MH mode, where frequencies reach hundreds of kHz, the LM inductor 

works as a high-impedance element connected to a capacitor (a low-impedance component at 

high frequencies). This configuration acts as a high-voltage filter, providing stability against 

high-voltage sparks that may occur. Conversely, in MMUS mode, these elements exhibit an 

inverse impedance behavior. In this case, the LM inductor serves as a current limiter for the 

MMUS pulse, preventing excessive current flow through the transistor used for generating the 

excitation. This allows the energy source to transmit the majority of energy without exceeding 

the current limits of the transistor. In addition, Cm acts as a charged capacitor, effectively open-
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circuiting itself to facilitate the flow of pulsed current. 

Finally, Fig. 22 (a) illustrates essential additional system modules that enable the efficient 

operation of the diagnostic platform. At the core of these modules is the control unit, which 

operates using an ARM family microcontroller (this module will be discussed in more detail in 

the following section). The microcontroller establishes direct or indirect connections with the 

cooling system, sensors, and the power source, which supplies both the MH and MMUS 

modules. Fig. 22 (b) shows a photograph of the complete system assembly. 

B. Digital control system 

Integrating microcontrollers is an optimal solution for the theranostic system, which 

requires precise synchronization of events within calculated intervals. This cost-effective and 

efficient solution not only meets but surpasses the demanding requirements of safety, 

processing power, and overall system performance. The solution leverages the capabilities of 

the STM32F407ZGT6 model, a high-performance 32-bit microcontroller integrated into a 

robust, industrially-designed development card (refer to supplementary material 4 for detailed 

information). The main control module follows the block diagram depicted in Fig. 23, ensuring 

access to every module of the theranostic system. By using a real-time operating system 

(FreeRTOS) and 16 interruption levels, the microcontroller efficiently communicates with each 

module, assigning specific hardware addresses based on their bus protocols. 

 
Fig. 23. The main control module, a 32bits microcontroller, is used to communicate with all theranostic platform individual 
modules using GPIO and bus protocols. 
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C. Cooling module 

Additional modules were implemented to enhance the platform's performance, including 

the integrated cooling module, as shown in Fig. 24. The components of the implemented chiller 

include a pump, radiator, and heat exchanger. The cooling module operates by circulating the 

refrigerant liquid through heat exchangers that come into contact with the components 

requiring cooling, such as the IGBT modules, transformer, and excitation coil. The liquid 

refrigerant then flows through the radiator equipped with a cooling fan. As the radiator absorbs 

heat from the fluid, the fluid cools down before being recirculated back to the reservoir or water 

tank, starting a new cycle. 

 
Fig. 24. The theranostic cooling module comprises a ½ H.P. connected to a small water tank. The pump delivers water directly 
to the heat exchangers, which are attached to the electric components for cooling purposes. Once the cooling process is 
complete, the water returns and enters the radiator. Ultimately, the water completes the cycle by returning to the small tank. 

D. 3D scanning module for MMUS imaging 

This module consists of two mechanical translating stages employed to generate three-

dimensional MMUS images, as illustrated in Fig. 25. The first system is a manual raster 

configuration attached to the ultrasound probe support (blue box). This system serves two 

primary functions: it holds the ultrasound probe and allows manual positioning to align with 

the center of the excitation coil. Although it lacks automation, this system offers good mobility, 

providing flexibility during operation. In contrast, the second raster system (yellow box) 
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features complete automation. It is a sliding table that employs a stepper motor (model 7HS08-

1004S) as the actuator responsible for moving the phantom perpendicular to the ultrasound 

probe. Controlled by the microcontroller, the stepper motor interfaces with an Easy Driver V4.4 

A3967, which ensures precise operation with a minimum resolution as fine as 0.01 mm. This 

automated positioning functionality enables the generation of volumetric images while 

mechanically insulating the phantom from the excitation coil. This insulation ensures clean 

image quality by reducing noise and prevents heat transfer from the coil to the phantom. 

 
Fig. 25. The scanning module can be used to create 3D MMUS imaging. This module comprises a 3D holder for the medical 
ultrasound transducer and a second system for phantom movement. 

E. Phantom preparation 

To assess the performance of the theranostic platform, two cubic tissue-mimicking 

phantoms containing inclusions labeled with MNPs were prepared. The shape specifications of 

the phantoms are depicted in Fig. 26. The first phantom was prepared containing a 

hemispherical inclusion with a radius of 7.5 mm, as illustrated in Fig. 26(a). The second 

phantom was created to have three cylindrical inclusions with 3 mm radius x 7.5 mm height, 

as shown in Fig. 26(b). These inclusions were strategically positioned to cover the ultrasound 

transducer's entire lateral field. 

c
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Fig. 26. Tissue tissue-mimicking phantoms used to evaluate the performance of the theranostic platform. (a) Phantom prepared 
with a hemispherical inclusion. (b) Phantom containing three cylindrical inclusions separated by 15 mm between each other, 
strategically positioned to conver the entire lateral field of view of the ultrasound transducer. 

The phantom material was prepared by dissolving 5% bovine gelatin (Bloom 250, Gelita, 

Sao Paulo, Brazil) and 2% Agar (HiMedia, Mumbai, India) in Milli-Q water at 90°C. Agar and 

gelatin are commonly used materials for simulating soft tissue due to their comparable acoustic 

and elastic properties [66, 67]. The solution was heated and stirred magnetically for 1 hour to 

ensure homogenization until it reached a temperature of 90 °C. Subsequently, the mixture was 

cooled to 36 °C, and 0.2% formaldehyde (Synth, São Paulo, Brazil) was added. The molten 

agar-gelatin mixture was poured into an 80 mm x 80 mm x 40 mm mold and allowed to cool 

and solidify overnight at 5 °C. The same procedure and materials were used to create the 

inclusions and background. The phantom material used to make the inclusions was labeled with 

zinc-ferrite MNPs (Zn0.1Fe0.9Fe2O4) at a weight concentration of 2% [30]. The MNPs had an 

average size of 12 nm and a saturation magnetization of 83 emu/g. The reader is referred to 

[67, 68] for more details about the MNPs synthesis and characterization. 

F. Magnetic field characterization 

For this purpose, the stimulation coil was driven by a 2 ms pulsed current with a 

magnitude of 2.16 kA. This high-level current was chosen to determine the maximum magnetic 
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field capacity that is possible to generate with this coil. The magnetic field amplitude was 

measured using a Gaussmeter (TMAG-1T model from Globalmag, a reputable manufacturer 

based in Cotia, SP, Brazil). The magnetic field per ampere produced by the coil was calibrated, 

establishing a relationship between the input current and the resulting magnetic field. To map 

the spatial distribution of the magnetic field, the Gaussmeter probe was attached to the manual 

scanning system depicted in Fig. 25. 

G. MMUS imaging 

2D MMUS images were obtained for both phantoms. An ultrasound imaging system 

connected with a parallel data acquisition system (SonixDAQ, Ultrasonix), and equipped with 

a linear array transducer (L14-5/38), was used. The ultrasound echo data acquisition, at a frame 

rate of 4 kHz, was synchronized with the high-intensity pulsed magnetic field.  

The ultrasound images were used to track the displacements resulting from the interaction 

between the external magnetic field and MNPs. This tracking was achieved using a cross-

correlation algorithm applied to the successive ultrasonic backscattered RF data. The algorithm 

was specifically designed to handle the data obtained from the system, allowing for the creation 

of 2D MMUS images. Additionally, the sliding table module was used to create 3D MMUS 

imaging. Initially, the manual positioning system aligned the ultrasound probe with the center 

of the excitation coil. Subsequently, the automated translational stage, driven by a stepper 

motor, facilitated the movement of the phantom or tissue being examined. This enabled the 

acquisition of multiple 2D MMUS images at different spatial positions, which were then 

compiled and reconstructed to produce a volumetric 3D MMUS rendering using the software 

3D Slicer. 

H. Preliminary experiment to evaluate the theranostic platform  

To understand the performance of the developed theranostic platform in acquiring 

MMUS images during an MH procedure, a similar experimental setup, as described in section 

G of this chapter, was employed. In this particular case, a fiber-optic thermometer probe 

(Qualitrol NOMAD-Touch Portable Fiber Optic Monitor) was positioned within the 

hemispherical inclusion of the phantom, as depicted in Fig. 27. The phantom was positioned 
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on a dedicated sample holder designed to ensure a distance of approximately 0.5 mm between 

the phantom and the coil, effectively preventing direct contact between them. 

 
Fig. 27. Theranostic setup used to evaluate the capability of the system for acquiring MMUS images during the MH procedure. 
The stimulation coil generates the magnetic field required for MH therapy and MMUS imaging. An optic fiber thermometer 
was positioned within the inclusion of the phantom to monitor the temperature. 

The experiment started by acquiring MMUS images before activating the MH magnetic. 

These initial data served as a reference point for the subsequent displacement measurements. 

Afterward, the system switched to MH mode, which lasted for 23 minutes until another 

programmed transition occurred, returning to MMUS imaging. During this cooling phase, a 

series of MMUS images were acquired to gain valuable insights into the behavior of the 

phantom at different temperatures induced by MH therapy. Throughout the experiment, 

temperature data were recorded using the fiber-optic thermometer probe. 

Results and discussion 
A. Magnetic field characterization 

Fig. 28 shows a detailed analysis of the magnetic field magnitude generated during pulsed 

current stimulation of 2.16 kA. The experimental results show a maximum magnetic field 

strength of 258 mT. The magnetic field distribution along the x-axis exhibited a nearly 

trapezoidal shape, as illustrated in Fig. 28(a). This profile is particularly beneficial as it ensures 

comprehensive coverage of the ultrasound transducer lateral field of view. In addition, two 
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distinct peaks in the magnetic field can be observed, located approximately 20 mm from the 

central axis of the coil. These peaks correspond directly to the ellipsoid shape of the coil, with 

the foci centers acting as areas of intensified magnetic field. 

 
Fig. 28. Magnetic field characterization for coil used in MH and MMUS. (a) The magnetic field measurement at z = 0 mm 
from the excitation coil along the x-axis. (b) The measured magnetic field on the top of the excitation coil along the y-axis. (b) 
The magnetic field on the coils along the z-axis. 

Additionally, a less prominent peak is observed at the center of the coil, where the 

magnetic field maintained a relatively constant strength with only a 4% difference compared 

to the peak intensity. Upon revisiting the MH experimental results presented in Chapter 3, an 

apparent disparity was observed between thermal image and fiber thermometer readings 

concerning the magnetic field along the x-axis (see Fig. 21). However, this discrepancy can be 

explained by considering the spatial positioning of the samples relative to the elliptical foci of 

the coil. Immediately after these foci, there was a significant decrease in the magnetic field 

intensity. Specifically, samples M1 and M3 were located at these foci, where the magnetic field 

reached its peak but also exhibited more expressive non-homogeneity. This abrupt variation in 

the field intensity can result in reduced heating effectiveness due to the transient nature of the 

peaks in the magnetic field strength and delays in the thermal convection within the samples. 

On the other hand, sample M2 was positioned in a more homogeneous magnetic field region. 
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This allowed for a more homogeneous stimulation across the sample, leading to more 

consistent and potentially more effective heating. Understanding these positional dependencies 

can be crucial in optimizing the placement and the overall effectiveness of MH treatment. In 

addition, this understanding can benefit future experiments in both MH and MMUS, leading to 

more controlled and predictable heating and displacement profiles. 

Fig. 28(b) shows the spatial distribution of the magnetic field along the y-axis. When 

viewed from this perspective, the ellipsoidal coil exhibited characteristics similar to those of a 

circular coil. As a result, the magnetic field pattern did not display the prominent trapezoidal 

transition observed along the x-axis. Notably, in this view, an approximate 10 mm region at the 

center of the coil maintained a relatively stable magnetic field intensity with only a 3% 

variation. This consistent region provided a “window” where the magnetic field remained 

sufficiently strong. By considering the contributions along the x-axis and y-axis, defining an 

appropriate stimulation area is possible. 

Another crucial aspect to consider in this study is the penetration depth of the magnetic 

field. Fig. 28(c) shows the magnetic field profile along the z-axis. From this perspective, the 

field gradient exhibited a 6.55 mT/mm value, indicating a nearly linear transition. The magnetic 

field presented a significant contribution from a depth of 5 mm and propagated up to 20 mm. 

Figs. 28(d) and 28(e) show the spatial distribution of the magnetic field in the x-y plane at z = 

0 mm and the x-z plane at y = 0 mm, respectively. These images offer a more comprehensive 

visualization of the non-homogeneous magnetic field generated by the proposed ellipsoidal 

excitation coil. 

B. MMUS imaging 

Fig. 29(a) shows a typical B-mode ultrasound image of the phantom containing a 

hemispherical inclusion. As previously discussed in Chapter 2, visualizing the inclusion labeled 

with MNPs using standard ultrasound techniques can be challenging as they can be easily be 

mistaken for other tissue structures withing the body. However, when the pulsed magnetic 

stimulus is applied, the resultant peak displacement map [Fig, 29(b)] effectively highlights the 

location of the MNPs. This is further depicted in Fig. 29(c), where the color-encoded MMUS 



Automated theranostic platform  55 

 

images are overlaid on the B-mode image, providing a clear visual representation.  

 
Fig. 29. Pulsed MMUS imaging results obtained from two tissue-mimicking phantoms. (a) B-mode ultrasound image of a 
phantom containing a hemispherical inclusion. (b) Peak displacement map of the same phantom shown in (a). (c) Color-
encoded MMUS images overlaid on the B-mode image, providing a clear visual representation. (d) B-mode ultrasound image 
of a phantom containing three cylindrical inclusions. (e) Peak displacement map (MMUS image) of the phantom shown in (c). 
(f) Color-encoded MMUS images overlaid on the B-mode image, providing a clear visual representation of the three cylindrical 
inclusions is displayed here. 

The peak-displacements observed in this experiment (~8 µm) were lower compared to 

those obtained in Chapter 2 [Fig. 7(b)], where displacements reached up to 30 µm. This 

difference can be primarily attributed to the strength of the external magnetic field. In the 

present experiment, a maximum magnetic field of up to 255 mT was achieved, while the 

magnetic field with a magnitude close to 1000 mT were obtained in Chapter 2. In Chapter 2, 

the excitation coil incorporated a magnetic field concentrator made of steel in its core, resulting 

in a more intense magnetic field and magnetic field gradient. However, including a core within 

the stimulator coil is not feasible for MH applications in this dual-purpose theranostic system, 

as it can lead to an elevated heating effect. Therefore, compromises were necessary to achieve 

both objectives.  

The same experiment conducted with the hemispherical inclusion phantom was 

replicated with the phantom containing three cylindrical inclusions [Fig. 29 (d), (e), and (f)]. 

Similar behavior is expected, as evident from the B-mode image [Fig. 29(d)]. However, several 
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white points within the inclusions, possibly due to the presence of tiny air bubbles or 

reverberation artifacts, were noted. Fortunately, these high-intensity echo signals did not affect 

the quality of the displacement map, as demonstrated in Fig. 29(e). 

The displacement map showed relatively consistent results along the x-axis for the 

inclusions situated at 0 mm and -15 mm. However, the inclusion located at 15 mm exhibited a 

diminished response in comparison. Upon closer examination of the MMUS image, a centering 

error of 2 mm was identified for the middle inclusion. This suggests that there may be a 

misalignment along the x-axis between the focal point of the coil and the actual position of the 

inclusion at 15 mm, resulting in a reduced effect of the magnetic field.  

Fig. 30. 3D pulsed MMUS imaging obtained with both tissue-mimicking phantoms. (a) Volumetric representation of the 
displacements induced to the phantom with a hemispherical inclusion. (b) Volumetric representation of the induced 
displacements to the phantom containing three cylindrical inclusions. 

C. Preliminary theranostic experiments 

Magnetic hyperthermia (MH) presents significant challenges, particularly in accurately 

detecting the precise location of magnetic nanoparticles (MNPs) and non-invasively measuring 
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temperature variations. By leveraging the magnetomotive ultrasound imaging (MMUS) 

approach, which estimates displacement resulting from magnetic excitation, the heat generated 

by the MNPs for diagnostic purposes is exploited. Fig. 31 shows typical MMUS displacement 

maps obtained from the phantom containing a hemispherical inclusion. 

As shown in Fig. 31(a) and 31(b), significant differences in magnetomotive-induced 

displacements are observed before and after the MH procedure. These MMUS images were 

acquired at temperatures of approximately 24°C and 30°C, respectively, at the center of the 

inclusion. The disparity in displacements primarily arises from the impact of temperature on 

the elastic properties of the phantom material [67, 132]. 

 
Fig. 31. Displacement under different thermal conditions. (a) Initial displacement mapping of hemispherical inclusion at 24°C: 
This initial state of the hemispherical inclusion was observed without any MH treatment. (b) Final displacement mapping post-
MH therapy at 30°C. It provides a detailed view of how MH treatment has affected the induced displacement. (c) Temporal 
behavior of the average displacement within the inclusion derived from heating by MH stimulation. 

The heating of tissues during thermal therapies generally results in a softening effect, 

increasing their susceptibility to deformation under consistent stress levels [132]. This change 

in tissue stiffness is reflected in the displacement graph shown in Fig. 31(c), where the average 

displacement of each pixel within the region of interest (ROI) is considered. However, it is 

essential to acknowledge that this treatment approach may introduce a certain level of 

uncertainty, as indicated by the error bars in the graph. Additionally, the non-uniform 

distribution of induced displacement within the ROI used to estimate the mean displacement 

in the inclusion further contributes to this uncertainty. 

Therefore, comprehensive characterization of tissue properties is essential to ensure 

accurate and meaningful analysis in MH treatment. This evaluation should consider various 

additional factors that may influence tissue response to MH treatment, such as tissue 
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heterogeneity, hydration levels, and vascular perfusion. The MMUS displacement map, which 

captures the induced displacement, provides a visual and quantifiable representation of how 

MNPs have affected the mechanical properties of the tissue. The magnitude of displacement 

correlates with the strength of the thermal effect, with greater displacement indicating a more 

pronounced thermal effect. Thus, MMUS imaging offers valuable insights into the therapeutic 

efficacy of MH treatment and its impact on tissue mechanics. 

Conclusions 
In conclusion, the research conducted in this study demonstrated the potential of 

integrating a magnetic hyperthermia (MH) device with a magnetomotive ultrasound (MMUS) 

imaging system to create an automatized theranostic platform. The imaging capabilities of this 

platform, which combine the localized heating effects of MNPs with high-resolution MMUS 

imaging, presented novel diagnostic possibilities to be conducted during MH. The results 

confirmed the system's capacity to non-invasively localize MNPs, monitor thermal changes, 

and visualize alterations in tissue properties. However, challenges remain, particularly in 

addressing inherent signal-noise issues to improve the generation of 3D imaging. Additionally, 

it is crucial to understand better the heating effects on tissue stiffness and subsequent 

mechanical response. Therefore, comprehensive tissue characterization and an understanding 

of the precise correlation between tissue deformation, heat generation, and therapeutic 

outcomes are ongoing research areas in our group GIIMUS.  
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1. Voltage-current sensor circuit 

 
This sensor module utilizes three prince circuits to ensure stable functionality within an operating range from DC to 30 

kHz. Box (A) contains a regulated power supply circuit based on a Step-Down converter, providing a voltage range of 15VDC 
to 25VDC to power the sensor. Box (B) incorporates a current sensor that uses Hall effect technology. This bipolar sensor, 
tailored for this application, employs operational amplifiers to convert its signal into a unipolar range of 0V to 5V. Finally, the 
circuit responsible for voltage sensitivity is a simple voltage divider designed to operate within an input range of 0V to 350V 
and produce an output range of 0V to 5V. 

  

(a) 

(b) 

(c) 
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2. High-power MPPT Synchronous Boost/buck Driver 

Board V4.2 
The seller provided the picture. 

 
 

This synchronous control module is designed for high-power Step-Down applications, providing an efficient solution 
for developing an automatically regulated intelligent current-voltage source. The module comprises three essential 
components: 

(a) An optimized driver for IGBT modules up to 450A, employing a Totem-Pole type topology with optical isolation 
using a pair of optical couplers. This circuit serves as an adaptation for IGBT activation and enables precise control. 

(b) A switched source that supplies power to Section (A). Its operation is based on a Flyback circuit configuration, 
ensuring reliable power delivery. 

(c) It is a circuit that houses a DSP microcontroller, which is responsible for managing the activation of the IGBT module 
based on feedback signals. This crucial part effectively administers the IGBT module's operation, ensuring precise control and 
regulation." 

(a) (b) 

(c) 
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3. Full-bridge control 

 
The inverter control system for the full H bridge utilizes the IC UC3846 as its core component (a). This system boasts 

an impressive synchronization capacity with external signals. However, specific configuration jumpers in the sub-circuit 
shown in the box (b) must be modified to achieve this synchronization. Once these changes are implemented, the coupling 
sub-circuit in the box (c) comes into action, connecting the impedances between the external signal and the pins of the UC3846. 
In addition, box (d) houses a set of MOSFET drivers responsible for current amplification at the IC output. These drivers 
ensure that the signals emitted experience minimal delays, thus maintaining their integrity. Finally, we have the external signal 
coupling circuits observed in other sub-circuits. These circuits play a crucial role in establishing communication between the 
IC and the feedback signals. 

  

(a) 

(c) 

(b) 

(d) 
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4. STM32F407ZGT6 industrial control board PLC 

industrial control board STM32 F4 development 

board Cortex-m4 
The seller provided the picture. 

 
This development board is a ready industrial application for STM32F407ZGT6, a power 32 bits microcontroller. Its 

principal features are based on optocoupler IO pins. In addition, some bus modules were incorporated, such as ethernet, RS232, 
RS485, CAN, USB, and four fully stepper motor interfaces, which made a simple task to implement automatic control on 
timeline processes. 
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