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Abstract 

Orthopedic implants are of high clinical relevance for the repair of musculoskeletal inju-

ries. Conventional implants commonly require removal upon success of the bone heal-

ing process. Biodegradable implants present an alternative to conventional implants by 

making implant removal surgery obsolete. This merit arises from the degrading nature 

inherent to the new implant materials such as Magnesium based alloys.  

Post implantation, non-invasive tracking of the implantation site and of the healing pro-

cess is part of the clinical workflow aided by imaging. Magnetic resonance imaging 

(MRI) is a viable alternative for monitoring of implantation sites. MRI is free of ionizing 

radiation, ensuring a safer diagnostic imaging approach.  

A large body of literature reports that conventional metal-based implants potentially 

constrain the diagnostic quality of MRI and elevate the level of deposited radiofrequency 

(RF) energy in implantation sites. Yet, the impact of biodegradable implants with a de-

grading structure on the quality of MRI is underexplored. 

Recognizing this opportunity, this thesis focuses on three main goals. First, the impact 

of biodegradable implants on MRI distortion artefacts at the implantation site is carefully 

examined. The main finding from this study is that Mg-based implants generate lower 

metallic distortion in MRI when compared to conventional Ti-based implants. Second, 

radiofrequency induced heating of biodegradable orthopedic screw implants due to the 

interference between the passive electrically conductive implants and the RF power de-

posited in the body during an MRI examine is investigated. The main conclusion from 

this study is that the highest risk of RF induced implant heating is most pronounced for 

Mg-based screws prior to degradation. Following the careful assessment of the MRI 

characteristics of biodegradable implants a radiofrequency transmission field shimming 

method is developed and applied with the goal to compensate or even eliminate image 

distortion or RF heating in the presence of biodegradable implants. The approach de-

veloped in this thesis project makes use of RF antenna arrays customized for parallel 

RF transmission to generate dedicated electromagnetic field (EMF) patterns which are 

derived from RF excitation vector optimization tailored for MRI of implantation sites. The 

proposed method is validated in numerical simulations and benchmarked against con-

ventional approaches in phantom experiments using a 7.0 T whole body MRI scanner. 

For this purpose, MRI-aided transmission field mapping, MR thermometry, and MR im-

aging of implantation sites were performed. In conclusion, parallel RF transmission us-
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ing optimized RF excitation vectors in conjunction with dedicated RF antenna arrays 

provides a technical foundation en route to safe and MRI of implantation sites with diag-

nostic image quality free of transmission field distortions, which is the main achievement 

of this thesis project.  

 

 

Zusammenfassung 

Orthopädische Implantate sind von hoher klinischer Relevanz. Herkömmliche Implanta-

te müssen in der Regel nach erfolgreichem Heilungsverlauf operativ entfernt werden. 

Für biologisch abbaubare Implantate entfällt diese Notwendigkeit. Dieser Vorteil ergibt 

sich aus den Materialeigenschaften und dem natürlichen Abbau neuer biologisch resor-

bierbarer Implantate wie etwa Magnesiumlegierungen.  

Post-operativ ist die nicht-invasive Überwachung der Implantationsstelle und des Hei-

lungsprozesses Teil der klinischen Kontrolle. Diese wird mittels, bildgebender Verfah-

ren, einschließlich der Magnetresonanztomographie (MRT), unterstützt.  

Die Fachliteratur zeigt auf, dass herkömmliche metallische Implantate die diagnostische 

Qualität der MRT potenziell beeinträchtigen können. Ebenso ist die Erhöhung des Ein-

trages von in der MRT verwendeter Radiofrequenzenergie an Implantationsstellen und 

damit einhergehende mögliche Erwärmung umliegenden Gewebes als potentielles Risi-

ko dokumentiert. Das äquivalente Verhalten biologisch abbaubarer Implantate mit dy-

namischer Geometrie und Struktur auf die Qualität und Sicherheit der MRT ist nicht hin-

länglich erforscht. 

Deshalb konzentriert sich diese Dissertation auf drei Hauptziele. Zunächst wird der Ein-

fluss biologisch abbaubarer Implantate auf MRT-Artefakte wie störende Bildverzerrun-

gen an der Implantationsstelle untersucht. Das Kernergebnis dieses Teils ist, daß Mg-

basierte Implantate im Vergleich zu herkömmlichen Ti-basierten Implantaten weitaus 

geringere Bildverzerrungen in der MRT erzeugen. Im nächsten Schritt wird durch Radio-

frequenzenergie induzierte Erwärmung elektrisch leitender, biologisch abbaubarer 

Schraubenimplantate untersucht.  Die wichtigste Schlussfolgerung dieses Teils der Dis-

sertation besteht darin, dass für Mg-basierte orthopädische Schrauben das höchste Ri-

siko für Hochfrequenzenergie induzierte Implantat Erwärmung vor Resorption am 

stärksten ausgeprägt ist. 



 3 

Nach der Bewertung dieser Ergebnisse wurde eine Methode zur gezielten Anregung 

des MRT-Radiofrequenzfeldes entwickelt. Dieser methodische Ansatz der parallelen 

Anregung ist maßgeschneidert, um Bildverzerrungen oder HF-Erwärmung in Gegenwart 

biologisch abbaubar Implantate zu kompensieren und bestenfalls zu eliminieren, um 

somit die MRT-unterstützte Überwachung von Implantationsstellen zu verbessern. Der 

Ansatz verwendet eigens entwickelte Hochfrequenzantennen für maßgeschneiderte 

parallele MRT-Signalanregung, Diese wird aus der in der Arbeit entwickelten Vektorop-

timierung der Hochfrequenzfelder hergeleitet. Die vorgeschlagene Methodik wird in nu-

merischen Simulationen validiert und in Phantomexperimenten mit einem 7.0 T-

Ganzkörper-MRT-Scanner mit konventionellen Ansätzen verglichen.  

Zusammenfassend bietet die parallele Verwendung optimierter RF-Anregungsvektoren 

eine technische Grundlage für sichere MRT von Implantationsstellen mit diagnostischer 

Bildqualität. Dieses Ergebnis ist der Haupterfolg dieses Dissertationsprojekts. 
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1 Introduction 

This chapter contains and uses results of my research that have been published in: 

• Paper 1 

Jonathan Espiritu, Mostafa Berangi, Christina Yiannakou, Eduarda Silva, Roberto 

Fran-cischello, Andre Kühne, Thoralf Niendorf, Sören Könneker, Regine Wil-

lumeit-Römer, Jan-Marten Seitz, Evaluating metallic artefact of biodegradable 

magnesium-based im-plants in magnetic resonance imaging Bioactive Materials 

15, 2022 

• Paper 2  

Jonathan Espiritu, Mostafa Berangi, Hanna Cwieka, Kamila Iskhakova, Andre 

Kuehne, D.C. Florian Wieland, Berit Zeller-Plumhoff, Thoralf Niendorf, Regine 

Willumeit-Römer, Jan-Marten Seitz, Radiofrequency induced heating of biode-

gradable orthopedic screw implants during magnetic resonance imaging, Bioac-

tive Materials 25, 2023 

• Paper 3 

Mostafa Berangi, Andre Kuehne, Helmar Waiczies and Thoralf Niendorf, MRI of 

Implantation Sites Using Parallel Transmission of an Optimized Radiofrequency 

Excitation Vector, Tomography 9(2), 2023 

and therefore, contains text, statements, passages and figures from these publications. 

1.1 Background 

Orthopedic implants play a pivotal role in addressing musculoskeletal injuries and disor-

ders. Conventional implants, including titanium and stainless steel, have been exten-

sively utilized in orthopedic surgeries due to their favorable mechanical properties and 

biocompatibility. Nonetheless, these materials can potentially elicit noteworthy complica-

tions, such as inciting inflammatory reactions [1] and elevating the risk of refractures [2]. 

Consequently, there has been an expanding exploration of alternative implant materials. 

Among these, magnesium (Mg)-based alloys have garnered attention in the fields of 

material sciences and medicine [3-5], as they can safely degrade in vivo while serving 

as load-bearing implant materials, rendering them appealing for temporary bone support 

[6-8].  
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An imperative aspect in utilizing metallic implants, such as biodegradable Mg-based 

implants, pertains to their compatibility with medical imaging. Magnetic resonance imag-

ing (MRI) presents a viable diagnostic modality for assessing the degradation state of 

biodegradable implants and studying the implant-tissue interface [9-12]. MRI is a main-

stay of contemporary diagnostic imaging due to its capability to deliver exceptional soft 

tissue contrast with high spatial resolution, rendering it ideal for monitoring the post-

orthopedic implantation healing process [13-15]. However, the presence of metallic im-

plants during MRI can give rise to various challenges, as metals influence the static 

main magnetic field (B0) and the dynamic electromagnetic fields (EMF, magnetic com-

ponent: H-field, electric component: E-fields) of the MRI system (B1
+ and gradient 

fields). These interactions not only introduce potential image artifacts such as image 

distortions and signal voids due to susceptibility gradients and H-field inhomogeneities 

but also potentially pose safety hazards due to tissue heating caused by the interfer-

ence between E-fields and passive conducting implants. 

While the introduction of magnetic metals (termed ferromagnetic materials) in proximity 

to an MRI system is strictly prohibited due to their strong attraction to the static B0 field, 

presenting substantial safety risks [16], nonmagnetic metals (e.g., Mg and Ti) are not 

attracted by the static magnetic field and can be positioned in an MRI environment. 

Nevertheless, these metals possess distinct magnetic susceptibilities from that of bone 

and muscle, inducing significant local disruptions in the B0 field. This, in turn, leads to 

geometric distortions in MRI images (susceptibility artifacts), potential signal loss due to 

shortened effective transverse relaxation time T2*, or even signal voids in regions with 

high B0 gradients. Furthermore, these metals can trigger off-resonance effects resulting 

from ∆B0-induced frequency variations [17]. These challenges can be addressed 

through on- and off-resonance methodologies, enabling MRI of implants devoid of B0 

distortions and signal voids [18-22]. 

Furthermore, these metals can interact with dynamic EMFs, introducing additional prob-

lems in terms of image artifacts (corresponding to implant induced magnetic fields) and 

potential safety concerns due to escalated specific absorption rates (SAR) of radiofre-

quency energy at the implant site (corresponding to implant induced electric fields), 

leading to tissue heating during MRI. One type of tissue heating occurs in case of heat 

conduction from a heated implant to adjacent tissues. This form of heating mainly arises 

from the interaction between metallic implants and gradient EMFs, and it is particularly 

pronounced in larger metallic implants such as hip joint implants [23]. Another type of 
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implant heating is through induction heating, which is more pronounced in MRI and 

arises from the interaction between conductive implants and transmitted RF fields. This 

type of heating can stem from large or small metallic implants, resulting in scattered RF 

EMFs. The superposition of incident E-fields (Einc) from the RF transmitter and the im-

plant-induced scattered E-fields (Esca) might result in locally elevated total E-fields (Etotal 

= Einc +Esca) of implantation site. This can cause an increase in the SAR by (Etotal)^2, po-

tentially leading to increased RF-induced heating. The extent of heating depends on the 

operating frequency of the MR scanner and the physical length of the metallic implant. 

For instance, when using a 7.0 Tesla MRI scanner, the RF wavelength (λ) in brain tis-

sue is relatively short (λ ~12 cm) compared to the size range of clinically available or-

thopedic implants. Consequently, resonance and therefore significant heating effects 

can occur within a range approximately from λ/4 to λ/2. [24]. 

Additionally, the superposition of magnetic components of scattered and incident fields 

can induce non-uniformities in the RF transmission field B1
+. These interferences might 

manifest as non-uniform image intensities, signal shading, signal voids, or signal inten-

sity elevations near the implant. These advert effects have the potential to compromise 

the primary advantage of MRI, which is diagnostic image quality [17].  

It's essential to note that the degree of RF-induced heating and RF transmission field 

distortions can vary based on the shape, location, and orientation of a conductive im-

plant, along with the RF excitation vector in parallel RF transmission (pTx) [25]. Overall, 

these constraints highlight the importance of carefully considering the type of implant 

and the potential risks associated with MRI monitoring when planning the use of this 

imaging modality for patients with implanted devices. 

Numerous studies have been published concerning MRI hardware and methodologies 

designed to investigate and mitigate RF-induced implant heating and/or RF shading 

near conductive implants [26-28]. Researchers have successfully demonstrated the re-

duction of RF heating at the tip of metallic implant leads and the enhancement of B1
+ 

homogeneity by altering the magnitude of the excitation currents on two separate chan-

nels of a dual-drive birdcage RF coil [29]. Furthermore, researchers have employed a 

pTx pulse design at 3.0 T to minimize SAR near a deep brain stimulation device (DBS) 

in a uniform flip-angle excitation scheme, which has been confirmed in numerical EMF 

simulations [30]. Numerical simulations have been employed to explore the application 

of RF coil configurations utilizing parallel transmission at 3.0 T MRI on phantom studies 

and cadaver studies, to reduce absorbed power or improve transmission field uniformity 
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around DBS implants [31, 32]. An optimization process based on a subject-dependent 

optimization factor has been recommended to limit SAR while maintaining uniform B1
+ 

[33]. A more comprehensive mathematical approach for MRI compatible with implants 

has been proposed, previously demonstrated in a theoretical cylindrical model [34]. 

However, direct implementation of this approach in a practical RF transmitter array is 

challenging, as the desired B1
+ profile and zero E-field in the implant were stringent 

constraints in the optimization formulation, and the available degrees of freedom in a 

realistic pTx array are constrained by the number of transmit channels. These con-

straints may lead to an unsolvable optimization problem, as not all restrictions can be 

simultaneously met with the limited number of transmit channels. Other innovative strat-

egies involve manipulating RF transmission fields with RF arrays and parallel transmis-

sion using maximum- and null-current modes [35]. Machine-learning-based prediction of 

RF power absorption or rapid computation of RF field enhancements near medical im-

plants provide computational approaches for implant-specific RF heating assessment 

and management [36, 37]. 

Given the growing population of patients with orthopedic implants [38], comprehending 

and addressing the interaction of passive conductive implants with RF fields is vital to 

advance  MRI at implantation sites while ensuring patient safety and distortion-free B1
+ 

fields. This clinical need applies to traditional implants made of titanium or stainless 

steel as well as clinically available biodegradable implants based on magnesium [39, 

40]. The latter not only enhances patient comfort but also reduces healthcare expenses 

by obviating implant removal surgeries. Utilization of small biodegradable screw im-

plants (short implants) are real world examples in the clinic. 

1.2  Research questions 

The potential of Mg-based alloys as an alternative implant material is underscored by 

their capacity to degrade safely in vivo while exhibiting mechanical properties akin to 

natural bone. The utilization of MRI for guided monitoring of the implant site serves a 

dual purpose: it facilitates the tracking of tissue healing and offers insights into the im-

plant's performance and degradation status. However, the judicious selection and appli-

cation of Mg-based implants necessitate a thorough consideration of potential image 

artifacts and heating that can occur during MRI procedures. The meticulous assessment 

of artifact generation in MRI is imperative to ensure optimal medical diagnosis and pre-
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cise anatomical depiction. Furthermore, a comprehensive evaluation of the safety of Mg 

implants under the influence of dynamic electromagnetic fields (EMFs) is essential. 

Concomitantly, it is crucial to explore strategies to ameliorate the undesired effects of 

implants on MRI image quality and safety. Hence, the main three research questions 

addressed in this dissertation are: 

a) To systematically assess the occurrence of image artifacts stemming from Mg 

implants during MRI. 

b) To decipher and quantify the degree of tissue heating at the implantation site in-

duced by the presence of Mg implants. 

c) To propose and demonstrate feasibility of RF parallel transmission technology 

tailored for mitigation of unfavorable B1
+ artifact and tissue heating that might 

arise during MRI imaging of the implantation site containing Mg-based implants. 

 

The outcome of this research has been published in three papers: 

• Paper 1: 

Jonathan Espiritu, Mostafa Berangi, Christina Yiannakou, Eduarda Silva, Rob-

erto Francischello, Andre Kühne, Thoralf Niendorf, Sören Könneker, Regine Wil-

lumeit-Römer, Jan-Marten Seitz, Evaluating metallic artefact of biodegradable 

magnesium-based implants in magnetic resonance imaging Bioactive Materials 

15, 2022 

• Paper 2:  

Jonathan Espiritu, Mostafa Berangi, Hanna Cwieka, Kamila Iskhakova, Andre 

Kuehne, D.C. Florian Wieland, Berit Zeller-Plumhoff, Thoralf Niendorf, Regine 

Willumeit-Römer, Jan-Marten Seitz, Radiofrequency induced heating of biode-

gradable orthopedic screw implants during magnetic resonance imaging, Bioac-

tive Materials 25, 2023 

• Paper 3: 

Mostafa Berangi, Andre Kuehne, HelmarWaiczies and Thoralf Niendorf, MRI of 

Implantation Sites Using Parallel Transmission of an Optimized Radiofrequency 

Excitation Vector, Tomography 9(2), 2023 

 

I wish to disclose explicitly that this dissertation uses methods, results and critical dis-

cussion that have been published in these three papers and therefore contains text, 

statements, passages and figures from these three publications. 
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2 Methods 

The methods and materials used in this study are outlined in two sections: 

1 Assessment of radio frequency interactions of Mg-based implants with an MRI 

scanner. 

2 Development, evaluation, validation and application of parallel RF transmission 

technology tailored for the reduction of unwanted artefacts and tissue heating in 

the presence Mg-based implants.   

 

This chapter contains and uses results of my research that have been published in: 

• Paper 1 

Jonathan Espiritu, Mostafa Berangi, Christina Yiannakou, Eduarda Silva, Roberto 

Fran-cischello, Andre Kühne, Thoralf Niendorf, Sören Könneker, Regine Wil-

lumeit-Römer, Jan-Marten Seitz, Evaluating metallic artefact of biodegradable 

magnesium-based im-plants in magnetic resonance imaging Bioactive Materials 

15, 2022 

• Paper 2  

Jonathan Espiritu, Mostafa Berangi, Hanna Cwieka, Kamila Iskhakova, Andre 

Kuehne, D.C. Florian Wieland, Berit Zeller-Plumhoff, Thoralf Niendorf, Regine 

Willumeit-Römer, Jan-Marten Seitz, Radiofrequency induced heating of biode-

gradable orthopedic screw implants during magnetic resonance imaging, Bioac-

tive Materials 25, 2023 

• Paper 3 

Mostafa Berangi, Andre Kuehne, Helmar Waiczies and Thoralf Niendorf, MRI of 

Implantation Sites Using Parallel Transmission of an Optimized Radiofrequency 

Excitation Vector, Tomography 9(2), 2023 

and therefore, contains text, statements, passages and figures from these publications. 

2.1 Radio frequency interactions of Mg-based implants with MRI scanner 

This section represents the methods implemented for in vivo measurement of the inter-

actions between the MRI scanner and Mg-based and other metallic implants. These 

interactions are categorized into a) image artefact and b) MRI induced heating of tissue 
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in the vicinity of an implant. The following subsections will discuss the sample prepara-

tion, measurement setup, and the protocol employed for the measurements. 

2.1.1 Samples preparation 

Compression screws with a length of 40 mm and a diameter of 3.2 mm, made of Mg-

based material developed by Syntellix AG in Hannover, Germany, were subjected to 

degradation in a laboratory setting. The volume of the Mg-based screw was measured 

to be 151.51 mm3, with a surface area of 552.54 mm2. The chemical composition of 

Mg-based biodegradable material includes Yttrium (3.7–4.3%), Rare Earth Elements 

(2.4–4.4%), and Zirconium (0.4%), with the remainder being composed of Magnesium. 

In order to compare results, a non-degraded Mg-based screw and a titanium screw with 

similar dimensions were included as well (Fig. 1). 

 

Figure 1: Sample implants used in the experiments of this thesis project. top) A 40 mm titanium 

screw that serves as the market equivalent screw implant. Bottom) Orthopedic compression 

screw made of magnesium-based material known as MAGNEZIX® CS ø3.2. (Modified from: 

Jonathan Espiritu, Mostafa Berangi, Christina Yiannakou, Eduarda Silva, Roberto Francischello, 

Andre Kuehne, Thoralf Niendorf, Sören Könneker, Regine Willumeit-Römer, Jan-Marten Seitz, 

”Evaluating metallic artefact of biodegradable magnesium-based implants in magnetic reso-

nance imaging”, Bioactive Materials 15,2022, [41]) 

The degradation of the Mg-based samples was carried out using a modified version of 

the ASTM F3268 Standard [42] with Dulbecco's Phosphate Buffered Saline (DPBS). A 

total of five screws were immersed in DPBS for different durations, ranging from one to 

five weeks, with a one-week interval between each time point (1 week, 2 weeks, 3 

weeks, 4 weeks, and 5 weeks). After each immersion period, the samples were 

cleansed with distilled water to remove excess salts, rinsed with ethanol to prevent fur-

ther oxidation, and then dried and stored. 
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2.1.2 Experimental setup for the assessment of MRI artefacts induced by Mg-based 

implants 

The test object was suspended in a custom-made phantom acrylic container using a 3D 

printed holder and submerged in a CuSO4 solution (Merck Millipore, USA) to reduce T1 

relaxation effects. The dimensions of artifacts were determined using a custom 

MATLAB script following the ASTM F2119 [43] definition. 

To measure the diameter artifact, the longest artifact along the screw's diameter was 

determined. The length artifact was measured as the longest artifact along the screw's 

length. The largest measurements were considered as the "worst-case" artifacts. 

Calculation of test object distortion was conducted to assess the artifact size in relation 

to the dimensions of the test object. Test object distortion is calculated by: 

𝑇𝑜𝑡𝑎𝑙 𝑎𝑟𝑡𝑒𝑓𝑎𝑐𝑡 𝑙𝑒𝑛𝑔𝑡ℎ 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 − 𝑡𝑒𝑠𝑡 𝑜𝑏𝑗𝑒𝑐𝑡 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛

𝑇𝑒𝑠𝑡 𝑜𝑏𝑗𝑒𝑐𝑡 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛
 

2.1.3 Experimental setup for the assessment of RF induced heating of Mg-based im-

plants 

A rectangular case made of acrylic glass was constructed according to the dimensions 

defined by the ASTM Standard. The case was filled with a tissue-mimicking phantom 

gel. The phantom gel consisted of 25 L of distilled water, 1.32 g/L NaCl (Sigma Aldrich, 

Taufkirchen, Germany) and 10 g/L of polyacrylic acid (Sigma Aldrich, Taufkirchen, 

Germany). Prior to each heating test, a calibration following the procedures described in 

ASTM F2182 [44] was conducted to compensate for the local incident field. 

A specifically crafted non conducting holder was manufactured using 3D-printed to safe-

ly fasten the samples and direct fiber-optic probes from the thermometry system. (model 

T1; Neoptix Inc., Québec, Canada) to the tips of the implants, which represent the high-

est heating points [45]. In total three probes were considered in the setup, two were 

placed at the tips of the implant and the third was placed on the opposite side of the 

phantom as the reference probe measuring the RF-induced temperature elevation not 

affected by the implant. It was ensured that the probe was positioned at the same dis-

tance from the implant for different samples. The holder, containing a single screw 

sample, was positioned at the center, 2 cm away from the phantom wall, and aligned 

with the main magnetic field, as this orientation was previously identified as having max-

imum heating [46]. The acrylic case was then placed in a Styrofoam insulation container 

for scanning, as shown in Figure 2. 
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Figure 2: Experimental setup used for the assessment of RF heating induced by Magnesium-

based implants during MRI. A) Basic scheme of the experimental setup based on the ASTM 

F2182 guidelines [44]. B) real world temperature measurements where the phantom setup was 

positioned at the isocenter of the MR scanner (Modified from Jonathan Espiritu, Mostafa 

Berangi, Hanna Cwieka, Kamila Iskhakova, Andre Kuehne, D.C. Florian Wieland, Berit Zeller-

Plumhoff, Thoralf Niendorf, Regine Willumeit-Römer, Jan-Marten Seitz, ”Radiofrequency in-

duced heating of biodegradable orthopaedic screw implants during magnetic resonance imag-

ing”, Bioactive Materials 25, 2023, [47]). 

To guarantee the gel phantom attains the equilibrium temperature, it was relocated to 

the MRI room 24 hours prior to the heating experiments. The temperature was noted 

two minutes before and after initiating the scanning sequence (four minutes in total), 

with one-second intervals. For every sample, a measurement was acquired in the ab-

sence of the sample implant to set a baseline, and a subsequent measurement was 

taken with the implant positioned in the phantom to evaluate the temperature rise at-

tributable to the implant itself.  

2.1.4 MRI experiments 

For the in vitro (phantom-based) MRI measurements of image artefact, three MRI scan-

ners were employed: a 1.5 T (GE Signa Artist, GE Healthcare, Waukesha, USA), a 3.0 

T (Skyra Fit, Siemens, Erlangen, Germany), and a 7.0 T (Magnetom, Siemens, Erlan-

gen, Germany). The phantom imaging was adapted from ASTM F2119 (43) where the 

the long axis of the implant was positioned (1) perpendicular and (2) parallel to the main 

magnetic field (B0). Different combinations of implant orientation relative to the main 

magnetic field, imaging sequences, slice orientations, phase-encoding directions, and 

materials were employed before each image acquisition. Table 1 provides additional 
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details regarding the imaging protocol and techniques utilized for the in vitro measure-

ments. 

In vitro temperature measurements were conducted only on a 3.0 T MRI scanner (Skyra 

Fit, Siemens, Erlangen, Germany). The procedure for assessing the degraded samples 

and titanium equivalent was adapted from ASTM F2182 [44]. The objective of the MR 

scanning for the heating measurement was to introduce energy using the RF transmitter 

(body coil) into the setup, which is the primary cause of implant-induced heating. To 

achieve this goal, a turbo spin echo sequence was utilized for a duration of 939 sec-

onds, with the maximum allowable SAR (Specific Absorption Rate). 

Table 1: Protocol parameters for the pulse sequences employed in the in vitro MRI examina-

tions of implant induced image artefacts. (Modified from Modified from Jonathan Espiritu, Mo-

stafa Berangi, Christina Yiannakou, Eduarda Silva, Roberto Francischello, Andre Kuehne, 

Thoralf Niendorf, Sören Könneker, Regine Willumeit-Römer, Jan-Marten Seitz, ”Evaluating me-

tallic artefact of biodegradable magnesium-based implants in magnetic resonance imaging”, 

Bioactive Materials 15,2022, [41]) 

 Field Strength (B0) [T] 

 7.0 3.0 1.5 

RF Coil Spine Spine  Volume 

Sequence GRE TSE GRE TSE GRE TSE 

TR [ms] 550 1190 500 1190 100 500 

TE [ms] 13 30 13 20 15 20 

FOV [mm] 185 185 180 200 300 300 

Matrix Size [pixel] 256 256 256 256 256 256 

Slice Thickness [mm] 2 2 2 2 2 2 

 

 

2.2 Reduction of implant induced image artefacts and RF induced tissue heat-

ing 

 

This section provides an overview of the procedures developed to establish novel 

methodology for elimination of unwanted effects of the Mg-based implant (in general 

every small metallic implant) in MRI which are categorized into four sections: 
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1. RF transceiver array configurations: design criteria and electromagnetic field (EMF) 

simulations that are considered and conducted to determine the most suitable RF array 

configuration using commonly utilized RF transceiver components. 

2. Transmission field shaping (B1
+ shimming): optimization of the excitation vector to 

minimize the occurrence of scattered fields. 

3. The phantom experiments section elaborates on measures taken and setups used for 

the validation of the EMF simulations through experimental studies conducted at 7.0 T. 

4. The sections dedicated to MR thermometry and transmission field mapping describe 

the metrics employed for the purpose of validation. 

2.2.1 RF transceiver array configurations 

Numerical electromagnetic field (EMF) simulations were conducted at 297.2 MHz (cor-

responding to a 7.0 T MRI) to examine the interaction between electrically conductive 

implants, electric fields (E-fields), and magnetic fields (B-fields). Eight configurations of 

radiofrequency (RF) arrays, specifically designed for MRI of body extremity, were eval-

uated to determine the configuration that provided the best performance in terms of B1
+ 

field uniformity and strength along with the lowest specific absorption rate (SAR) value. 

The eight proposed and investigated configurations are shown in Figure 3: 

(A–D) Eight loop elements of equal length (L = 100 mm) but varying widths (W), 

where Wn = ((210 mm) π/16) × αn, with n ranging from 1 to 4 and αn values of 1, 1.25, 

1.5, and 1.75. 

(E) Eight fractionated dipoles (L = 200 mm, W = 5 mm). 

(F) Birdcage RF resonator with degenerate characteristics (L = 100 mm, D = 210 

mm) utilizing eight rungs. 

(G) A four-rung degenerate birdcage (L = 100 mm, D = 210 mm) and four frac-

tionated dipoles (L = 200 mm, W = 5 mm), with each fractionated dipole positioned be-

tween the rungs of the birdcage. 

(H) Eight modules consisting of a loop (L = 100 mm, W = (210 mm) π/16) and a 

fractionated dipole [48, 49] (L = 200 mm, W = 5 mm) placed at the center of the loop. 

RF transceivers were uniformly distributed around a cylindrical phantom (length, L = 

300 mm; diameter, D = 170 mm). The phantom was designed to replicate the electrical 
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characteristics of muscle at the operation frequency of a 7T MRI scanner (f=297.2 MHz, 

εr = 58.24 and σ = 0.769 S/m,). The RF transceiver arrays were located 20 mm from the 

phantom and shielded at a distance of 30 mm. 

The RF array configurations were implemented using CST Studio Suite 2020 (CST 

MWS, Darmstadt, Germany) and the Finite Integration Technique (FIT) [50]. The EMF 

simulations employed a mesh resolution finer than 1.5 mm³. Matching and tuning ca-

pacitors of the system were adjusted to ensure that the magnitude of reflection coeffi-

cient of scattering parameters remained below -15 dB. Transformers were used for de-

coupling of the neighbouring loop elements [51] to below -15dB, while no decoupling 

was necessary for the dipole elements due to their geometric separation. 

 

To evaluate the performance of the RF arrays, a cylindrical region of interest (ROI) with 

dimensions of L = 110 mm and R = 20 mm, covering the implant, was used to assess 

the strength and uniformity of the B1
+ field. Additionally, the maximum induced SAR 

(averaged over 10 g of tissue, SAR10g,max) throughout the entire phantom was meas-

ured. A cylindrical object mimicking a conductive screw implant (L = 70 mm, R = 1 mm, 

σ = 5.8 × 10^8 S/m), was considered within the phantom. The implant was oriented 

parallel to the phantom's axis and placed 30 mm away from the phantom surface. This 

simulation setup allowed for the evaluation of the RF array configurations in terms of B1
+ 

field characteristics and the maximum SAR induced within the phantom. 



Methods 16 

 

Figure 3: Different configurations of an eight-channel RF transceiver array investigated in the 

EMF simulations. (A–D) Eight loop elements with a length (L) of 100 mm and varying widths (W) 

approximately equal to 41 mm, 52 mm, 62 mm, and 72 mm. (E) Eight fractionated dipoles with a 

length of 200 mm. (F) Degenerate birdcage configuration with eight rungs, where the length (L) 

is 100 mm and the diameter (D) is 210 mm. (G) Hybrid configuration combining a birdcage with 

four rungs (L = 100 mm, D = 210 mm) and four dipoles (L = 200 mm). (H) Loop-dipole array 

consisting of a loop element with a length of 100 mm and a width approximately equal to 41 

mm, and a dipole element with a length of 200 mm (Modified from Berangi, Mostafa, Andre Ku-

ehne, Helmar Waiczies, and Thoralf Niendorf. "MRI of Implantation Sites Using Parallel Trans-

mission of an Optimized Radiofrequency Excitation Vector" Tomography 9 (2), 2023, [52]). 

2.2.2 Transmission field Shaping (B1
+ Shimming) 

In order to achieve a strong and uniform B1
+ field in the target ROI containing the im-

plant, while also reducing the local SARmax below the limits set by the IEC guidelines 
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[16], transmission field shaping was conducted. The MATLAB toolbox [53] was utilized, 

employing a multi-objective genetic algorithm (GA) approach, to optimize the excitation 

vectors. The GA-based approach enables the resolution of optimization problems with 

multiple conflicting objectives. 

For the field shaping problem, the GA algorithm outputs a number of excitation vectors 

based on the predefined objectives. These solutions are located on a trade-off curve 

(pareto front), illustrating the trade-off between objectives. Enhancing one objective may 

lead to the deterioration of one or more other objectives. 

The following parameters were employed for defining the objectives: 

• local SAR10g,max: the maximum 10g SAR value of the whole phantom, not just in 

the ROI containing the implant. 

• B1_SARmax  = B1
+ √local SAR10g,max⁄  : For the target region of interest (ROI) en-

compassing the implant, the B1+ values are computed and divided by the maxi-

mum 10g local SAR across the entire phantom. 

• COV(B1_SARmax)= std(B1_SARmax ) mean(B1_SARmax)⁄  

The term COV (B1_SARmax) governs the uniformity of the B1
+ where the standard devia-

tion of B1
+ √local SAR10g,max⁄  inside the ROI is divided by the mean value of the 

B1
+ √local SAR10g,max⁄  inside the ROI. The result of this optimization process is a com-

plex excitation vector known as the GA excitation vector (𝑈𝐺𝐴): 

�⃗⃗� 𝐺𝐴 = 𝐾𝐺𝐴 × (𝑢1, 𝑢2, … , 𝑢8); and 

|𝑢𝑛| = 1; 1 ≤ 𝑛 ≤ 8, 𝑛 ∈ ℕ 

The excitation vector in the optimization process is composed of complex excitation val-

ues (𝑢𝑛) corresponding to each RF channel, with the real value constant (𝐾𝐺𝐴) control-

ling the overall power of the excitation vector. 

To ensure the algorithm’s sensitivity to small SAR10g,max variations, the optimization 

tolerance function was set to 10-6. Additionally, for the optimization step, the virtual ob-

servation point (VOP) approach [54] was implemented to compress the SAR matrices. 

To evaluate the efficiency of the GA-driven excitation vector in achieving a strong and 

uniform B1
+ pattern, it was compared to the circular polarization (CP) mode [55]. The CP 

mode, serving as a reference, corresponds to a simple "Birdcage"-mode excitation. The 

CP-mode vector 𝑈𝐶𝑃 is defined as: 

�⃗⃗� 𝐶𝑃 = 𝐾𝐶𝑃 × (𝑢1, 𝑢2, … , 𝑢8); 

 𝑢𝑛 = exp(−2𝜋𝑖 ∙ 𝑛 8⁄ ) ;  1 ≤ 𝑛 ≤ 8, 𝑛 ∈ ℕ 
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where 𝐾𝐶𝑃is a real value constant used for controlling the total excitation vector power, 𝑖 

is the imaginary unit, and 𝑢𝑛 correspond to the phase of each RF channel. 

The effectiveness of the GA in reducing the implant induced SAR10g was compared to 

the orthogonal projection (OP) method [28]. In the OP method, the SAR caused by the 

implant is mitigated by projecting the excitation vector 𝑈𝐶𝑃 (or any other excitation vec-

tor) onto a vector perpendicular to the one that generates the worst-case implant SAR 

(𝑈𝑤𝑐). By employing this technique, the OP method enables the elimination of implant-

induced SAR while still benefiting from the transmission field uniformity advantages pro-

vided by the 𝑈𝐶𝑃 excitation. 

�⃗⃗� 𝑂𝑃 = �̂�𝐶𝑃 − �̂�𝑤𝑐 (�̂�𝐶𝑃 . �̂�𝑤𝑐), 

�̂�𝐶𝑃 =
�⃗⃗� 𝐶𝑃

‖�⃗⃗� 𝐶𝑃‖
, �̂�𝑤𝑐 =

�⃗⃗� 𝑤𝑐

‖�⃗⃗� 𝑤𝑐‖
.  

 

The 𝑈𝑤𝑐 is the eigenvector of the maximum eigenvalue of a single local RF power corre-

lation matrix in the target ROI. 

To validate the EMF simulations, experiments were conducted using cylindrical phan-

toms (300 mm in length and 170 mm in diameter) matching those used in the simula-

tions. Two types of phantoms were employed to replicate the electrical properties of 

muscle tissue at 297.2 MHz: a liquid-sucrose-based phantom [56] and a solid polyvi-

nylpyrrolidone (PVP)-based phantom [57]. The liquid-sucrose-based phantom was used 

for conventional MRI and B1
+ mapping to allow for implant reorientation. Thermal exper-

iments were carried out on the PVP phantom due to the absence of interfering 1H reso-

nance peaks in the NMR spectra of PVP, which enhances the accuracy of MR thermal 

measurements [57]. 

In order to replicate the thermal characteristics of biological tissue without inducing extra 

fluid dynamics from thermal convection, a solution of PVP (33.9% w/w), agarose (0.4% 

w/w), and NaCl (1.1% w/w) was dissolved in deionized water. No gel agent was used 

for the sucrose-based phantom, which consisted of sucrose (48.9% w/w) and NaCl 

(1.9% w/w). A conductivity value of σ = 0.77 S/m was chosen to match the conductivity 

of muscle tissue across a wide frequency range, based on the electrical properties of 

various body tissues [58] and the permittivity was set to εr = 58. 

 

To simulate a conducting implant, a copper wire (70 mm in length and 1 mm in outer 

diameter) was placed inside the phantoms. The maximum length of the implant was 
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determined based on the maximum screw length of currently available biodegradable 

implants in commercial and clinical use [59]. This method offers a satisfactory approxi-

mation of an implant, as the primary origin of scattered fields is the induced current dis-

tribution on a metallic implant. These fields are less influenced by the implant's specific 

shape details [59] and metal characteristics [60]. The container for the phantoms was 

constructed from acrylic glass (PMMA) material. Cotton strings were employed to sus-

pend the implant within the phantom, reducing undesired interference with electromag-

netic fields (EMFs). A setup crafted from Acrylonitrile Butadiene Styrene (ABS) material 

through 3D printing was utilized to firmly place and secure the implant. (Figure 4). 

 

 

Figure 4: The cross-sectional view of the phantom and the system for positioning the implant. 

The implant is hung using cotton strings, maintaining a distance of 30 mm from the surface of 

the phantom. The orientation of the implant can be manipulated by adjusting the length of the 

strings and rotating the yellow implant adjuster located on the phantom's surface. The orienta-

tions are determined using a spherical coordinate system, with polar (θ) and azimuthal (ϕ) an-

gles defined relative to the center of the implant when the origin is aligned with it (Modified from 

Berangi, Mostafa, Andre Kuehne, Helmar Waiczies, and Thoralf Niendorf. "MRI of Implantation 

Sites Using Parallel Transmission of an Optimized Radiofrequency Excitation Vector" Tomogra-

phy 9(2), 2023, [52]). 

2.2.3 MR Thermometry 

The assessment of RF heating induced by implants using GA- and CP-based excitation 

vectors was performed through MR thermometry on the PVP phantom. Measurements 

for MR thermometry were executed at the iso-center of the MRI scanner, where the 

room temperature was maintained at 297 K. Temperature increment maps were calcu-

lated using gradient-echo imaging with a spatial resolution of 1.3 × 1.3 × 5.0 mm³, with 

TE1 = 2.26 ms, TE2 = 6.34 ms, and TR = 246 ms. The proton resonance frequency shift 

method [50] was utilized before and after RF-induced heating to generate these tem-
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perature difference maps. The data from an extra oil sample placed within the field of 

view was utilized for magnetic field drift compensation [61]. For the RF heating experi-

ment (Pin = 175 W, duration = 5 min), a turbo-spin-echo sequence was employed.  

2.2.4 Transmission Field Mapping 

The assessment of transmission field shimming methods was performed by B1
+ map-

ping based on low flip angle gradient echo imaging. [62, 63]. Cross-sectional and sagit-

tal slices at the implant's center, aligned with the phantom's central axis, were obtained. 

using the following parameters: TR = 10 s, TE = 2.31 ms, number of averages = 4, ma-

trix size = 256 × 256, and slice thickness = 5 mm. This evaluation focused on the orien-

tation representing the worst-case scenario, where the implant aligns parallel to the E-

field lines of the RF arrays (in the designed RF array, along the main magnetic field B0), 

guarantees the highest RF coupling between the E-field and the implant. The non-gel 

sucrose-based phantom, allowing convenient rotation of the implant, was utilized for B1
+ 

mapping with various implant orientations. 

Discrepancies observed between the simulated and the experimentally measured EMFs 

could be attributed to resistive losses, phase variations resulting from lumped elements, 

coupling between RF channel and the surroundings, and other factors. Even small vari-

ations can accumulate and impact the RF field pattern, particularly in the vicinity of the 

implant where EMFs undergo significant alterations. Precise understanding of EMF be-

havior in this region is crucial for suppressing implant-induced effects. To minimize 

these discrepancies, a calibration step was performed, involving a simulated B1
+ map 

(B1,𝑠
+  ) and its corresponding experimental map (B1,𝑒

+ ), focused on a slice near the im-

plant tip. This target slice was chosen from a region with no interference from the im-

plant, or alternatively, a slice including the implant could be selected while any voxel 

influenced from the implant is excluded from the selected slice in the implantation re-

gions. The optimization algorithm was tasked to minimize the variations between the 

measured and simulated B1
+ maps through calculation of complex calibrating coeffi-

cients. The optimization was performed using the following error function: 

min
𝑋

‖(𝑋 ∗ 𝑋𝑒 ∗ B1,𝑠
+ ) − (𝑋𝑒 ∗ B1,𝑒

+ )‖ 
 

 

Here, B1,𝑠
+   and B1,𝑒

+ represent n×m complex matrices, with the n being the number of 

channels of the RF transceiver array and m the number of pixels in B1,𝑒
+ . The calibration 



Methods 21 

coefficients are represented by X (optimization variables) and 𝑋𝑒 is the excitation vector 

corresponding B1,𝑒
+  field pattern. The excitation vector employed in the MRI experiments 

was determined by multiplying the calibration coefficients with the excitation vectors de-

rived from the simulations. 

The effectiveness of the GA-driven shimming was evaluated in multiple scenarios in-

volving changes in the implant's orientation. Various orientations were established 

through a spherical coordinate system, where the origin was aligned with the center of 

the implant, and θ and φ denoted the azimuthal and polar angles, respectively. The re-

sults obtained using the GA approach were compared to those of the CP and OP refer-

ence methods as benchmarks. 

2.2.5 RF Hardware 

The initial values of the tuning and matching network were obtained from simulations 

and then fine-tuned to achieve a target of -15 dB for all scattering parameters (reflec-

tions and transmissions) in the RF transceiver array during manufacturing. In the phan-

tom experiments, a multi-channel device (MRI.TOOLS GmbH, Berlin, Germany) was 

used to interface between the RF transceiver was to a 7.0 T MRI scanner (Magnetom, 

Siemens, Erlangen, Germany). The interface device included transmit-receive switches 

and RF power dividers. The MRI scanner operated in 8-channel pTx mode, allowing 

precise and independent control over the magnitude and phase of the channels. 
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3 Results 

This chapter contains and uses results of my research that have been published in: 

• Paper 1 

Jonathan Espiritu, Mostafa Berangi, Christina Yiannakou, Eduarda Silva, Roberto 

Fran-cischello, Andre Kühne, Thoralf Niendorf, Sören Könneker, Regine Wil-

lumeit-Römer, Jan-Marten Seitz, Evaluating metallic artefact of biodegradable 

magnesium-based im-plants in magnetic resonance imaging Bioactive Materials 

15, 2022 

• Paper 2  

Jonathan Espiritu, Mostafa Berangi, Hanna Cwieka, Kamila Iskhakova, Andre 

Kuehne, D.C. Florian Wieland, Berit Zeller-Plumhoff, Thoralf Niendorf, Regine 

Willumeit-Römer, Jan-Marten Seitz, Radiofrequency induced heating of biode-

gradable orthopedic screw implants during magnetic resonance imaging, Bioac-

tive Materials 25, 2023 

• Paper 3: 

Mostafa Berangi, Andre Kuehne, Helmar Waiczies and Thoralf Niendorf, MRI of 

Implantation Sites Using Parallel Transmission of an Optimized Radiofrequency 

Excitation Vector, Tomography 9(2), 2023 

• Abstract 1: 

Mostafa Berangi, Andre Kuehne, Helmar Waiczies and Thoralf Niendorf “Excita-

tion vector optimization for safe parallel transmission MRI of passively conducting 

implants in the presence of motion”, Joint Annual Meeting ISMRM-ESMRMB & 

ISMRT 31st Annual Meeting ISMRM, 2022, London. Abstract 2628. 

and therefore, contains text, statements, passages and figures from these publications. 

3.1 MR characteristics of titanium vs magnesium based implants 

Differences between titanium (Ti) and magnesium (Mg) samples were observed by 

varying various MRI scanning parameters. The Mg samples consistently exhibited 

significantly fewer artifacts compared to the Ti samples across different main magnetic 

field strengths. In terms of sequence type, turbo spin echo sequences resulted in lower 

artifacts compared to gradient echo sequences. The averaged measurements of artifact 

diameter and length are summarized in Figure 5 illustrates the average distortions or 



Results 23 

artifacts based on the material and magnetic field strength. Increasing the magnetic field 

strength led to larger artifacts for both materials. In general, the use of Ti material and 

gradient echo sequences resulted in higher distortions compared to the use of Mg 

material and turbo spin echo sequences. Examining the influence of corrosion time on 

the size of artifacts caused by a Mg-based implant revealed statistically significant re-

sults. Regardless of magnetic field strength, a consistent decrease in image distortion 

was noted with extended in vitro corrosion times of the implant. 

 

Figure 5: Measurements of the averaged MRI artefact extent in the screw samples. The distor-

tions along diameter (left) and length (right) of Ti- and Mg- based screws in MRI are shown. 

(Modified from Jonathan Espiritu, Mostafa Berangi, Christina Yiannakou, Eduarda Silva, Rob-

erto Francischello, Andre Kuehne, Thoralf Niendorf, Sören Könneker, Regine Willumeit-Römer, 

Jan-Marten Seitz, ”Evaluating metallic artefact of biodegradable magnesium-based implants in 

magnetic resonance imaging”, Bioactive Materials 15,2022, [41]) 

, [25]) 

3.2 Assessment of RF heating during an MRI examination 

Findings from the heating measurements conducted during MRI examinations are 

summarized in Figure 6. An increase in corrosion time resulted in a decrease in the 

maximum temperature change (ΔT), although no clear quantitative correlation was evi-

dent. Non-degraded sample (0 weeks of corrosion, with 100% of the screw volume) in-

duced the highest average temperature increase, while the sample at 3 weeks of corro-

sion had the lowest temperature increase. The maximum RF-induced heating was 

measured as ΔT = 1.20 ± 0.29 °C for the non-degraded Mg-based screw and ΔT = 1.16 

± 0.18 °C for the titanium equivalent. Nevertheless, there were no notable distinctions 

observed between them. 
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Figure 6: Maximum RF-induced temperature heating at the tip of the screws during MRI. Left: 

Comparison of Mg-based screw to commercial Ti-based equivalent screw. Right) A: influence of 

corrosion time on the maximum heating of biodegradable Mg-based screw. (Modified from Jon-

athan Espiritu, Mostafa Berangi, Hanna Cwieka, Kamila Iskhakova, Andre Kuehne, D.C. Florian 

Wieland, Berit Zeller-Plumhoff, Thoralf Niendorf, Regine Willumeit-Römer, Jan-Marten Seitz, 

“Radiofrequency induced heating of biodegradable orthopaedic screw implants during magnetic 

resonance imaging”, Bioactive Materials 25, 2023, [47]) 

3.3 EMF simulations of eight-channel RF transceiver configurations 

The performance of eight configurations of RF transceiver arrays was evaluated by em-

ploying CP-mode, OP, and GA-derived transmission field shimming techniques. The 

maximum local specific absorption rate (SAR) limits the safety of each excitation. The 

strength and uniformity of the excitation vectors in the target region of interest (ROI) 

were assessed using mean value and the coefficient of variation parameter (COV) of 

the B1_SARmax. The results from electromagnetic field (EMF) simulations demonstrate 

that the mean (B1_SARmax) increases from configuration A to E and from F to H with 

GA-based shimming (Figure 7 ). The mean (B1_SARmax) across all configurations for 

GA, CP, and OP is 0.42 ± 43% (μT/√(W/kg)), 0.44 ± 9.4% (μT/√(W/kg)), and 0.22 ± 21% 

(μT/√(W/kg)), respectively. 

Expanding the width of the loop elements utilized in configurations A-D leads to an in-

crease in the mean value of (B1_SARmax) for every transmission field shimming ap-

proach (except for the CP mode in D) as shown in Figure 7. The mean(B1_SARmax) ob-

tained for GA versus CP transmission field shimming (%(MeanGA/MeanCP − 1) = −3.6% 

(A), −9.9% (B), −10.9% (C), and 16.8% (D)) and OP versus CP transmission field 
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shimming (%(MeanOP/MeanCP − 1) = −54.6% (A), −54.1% (B), −49.8% (C), and −33.2% 

(D)) reveals that the OP approach is inferior to the CP and GA approaches. 

 

Figure 7: Comparative performance analysis of the eight different designs (A-H) of eight-

channel RF transceiver configurations proposed in this thesis, employing circular polarization 

(CP), orthogonal projection (OP), and multi-objective genetic algorithm (GA) for transmission 

field shimming. (A) The mean (B1_SARmax)  and (B) %COV (B1_SARmax) within the region of 

interest. (C) The maximum 10-gram averaged SAR throughout the entire phantom. (Modified 
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from Berangi, Mostafa, Andre Kuehne, Helmar Waiczies, and Thoralf Niendorf. "MRI of Implan-

tation Sites Using Parallel Transmission of an Optimized Radiofrequency Excitation Vec-

tor" Tomography 9 (2), 2023, [52]) 

Evaluation of the homogeneity of B1_SARmax demonstrated that, except for configura-

tion E, the OP algorithm achieved a comparable level of transmission field uniformity to 

that of the CP algorithm across all eight RF array configurations. However, the GA ap-

proach significantly improved the uniformity of the transmission field pattern compared 

to both the OP and CP methods (Figure 7_B). 

The analysis of RF power deposition revealed that the average SAR10g,max (at 1 W 

input power) remained below 0.8 (W/kg) for all configurations of the RF transceiver ar-

ray and the different RF transmission field shaping approaches (Figure 3C). In most 

cases, the circular polarization (CP) method resulted in lower SAR values compared to 

the multi-objective genetic algorithm (GA) or orthogonal projection (OP) approaches. 

The SAR values obtained from the GA approach were either similar to or lower than 

those obtained from the OP algorithm. Notably, for the loop-dipole (H) configuration, the 

maximum SAR10g,max obtained using the GA approach was 12% lower than that of 

the CP approach and 43.8% lower than that of the OP approach (Figure 7_C).  

The implementation of the orthogonal projection (OP) algorithm effectively eliminated 

the occurrence of hot spots caused by the circular polarization (CP) mode. However, 

our simulations revealed that in certain scenarios, the OP excitation vectors resulted in 

a superficial SAR10g,max value outside of the implantation site, while still maintaining a 

maximum SAR10g,max within the range of results obtained from the CP mode. 

 

By employing the multi-objective genetic algorithm (GA) for transmission field shimming, 

A 15.8% increase in SAR10g,max is observed for the eight-loop-dipole configuration (H) 

compared to the lowest SAR value among all configurations and shimming approaches 

(which was obtained in configuration D with CP shimming). However, this elevated 

SAR10g,max was counterbalanced by achieving the highest mean(of B1_SARmax) 

among all configurations and shimming approaches (25% greater than the second 

highest mean(of B1_SARmax) in configuration F with CP) and the most uniform excitation 

pattern of B1_SARmax (with a 67.6% lower coefficient of variation than the lowest ob-

served with the OP algorithm in design G) within the target region of interest (ROI) that 

encompassed the implant. 
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3.4 Phantom MR Experiments 

After conducting electromagnetic field (EMF) simulations, the eight-loop-dipole configu-

ration (H) was chosen as the optimal design for fabricating an RF transceiver array for 

subsequent phantom experiment. Figure 8  illustrates the computer-aided design (CAD) 

representation and a photograph of the manufactured prototype of the selected configu-

ration H. Additionally, the figure showcases the phantom container and power splitters 

utilized for feeding the RF array. 

 

Figure 8: Experimental setup of the eight-channel loop-dipole RF transceiver array. (A, B) Com-

puter-aided design representation of the RF transceiver array showcasing the loop-dipole con-

figuration with decoupling transformers. (C) Photograph of the manufactured eight-channel 

loop-dipole RF transceiver array, including the phantom and the power splitters used for RF 

feeding of the array. (Modified from Berangi, Mostafa, Andre Kuehne, Helmar Waiczies, and 

Thoralf Niendorf. "MRI of Implantation Sites Using Parallel Transmission of an Optimized Ra-

diofrequency Excitation Vector" Tomography 9(2), 2023, [52]) 

To evaluate the performance of the GA-based shimming method compared to the CP 

and OP approaches, experiments were conducted using a PVP-based gel phantom with 

the eight-loop-dipole RF transceiver array configured as previously mentioned. The im-

plant was positioned parallel to the long axis of the phantom to align with the E-field 

lines of the RF array, resulting in the highest SAR induction within the implant. The met-

rics investigated in this study were the strength and uniformity of the B1
+ field (ex-
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pressed in μT/√(kW)) in terms of mean and COV% of 𝐵1
+ √𝑃𝑓𝑤𝑑.⁄ , respectively, where 

𝑃𝑓𝑤𝑑. is the sum of the input power to all RF channels. 

The experimental B1
+ mapping results, accompanied by the corresponding B1

+ maps 

obtained from EMF simulations are represented in Figure 9 . The ROI containing the 

implant is highlighted in red. The B1
+ maps obtained from the EMF simulations and the 

phantom experiments exhibit good agreement. The simulated B1
+ maps reveal that the 

CP approach exhibits asymmetry in the B1
+field around the implant, characterized by a 

pronounced B1
+ void on one side and an elevated B1

+ on the opposite side. This asym-

metry is mitigated when employing the OP algorithm, although it leads to a reduction in 

the B1
+ field in close proximity to the implant. In contrast to the CP and OP approaches, 

the GA-derived transmission field vectors yield a uniform and increased B1
+ field within 

the target ROI containing the implant.    
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Figure 9: Simulated and experimental outcomes for 𝐵1
+ mapping using CP-, OP-, and GA-driven 

transmission field shimming algorithms are presented. From top, the first and second rows pre-

sent sagittal 𝐵1
+ maps (encompassing the complete implant, including its tips) and the third and 

fourth rows show transversal 𝐵1
+ maps (encompassing the areas with the most prominent RF 

distortion) derived from simulations and phantom experiments. The ROI containing the implant 

is indicated in red (figure from Berangi, Mostafa, Andre Kuehne, Helmar Waiczies, and Thoralf 

Niendorf. "MRI of Implantation Sites Using Parallel Transmission of an Optimized Radiofre-

quency Excitation Vector" Tomography 9(2), 2023, [52]). 

Subsequently, the SAR elimination achieved with the GA is compared to the CP, em-

ploying point SAR maps along with the temperature difference maps obtained from both 

EMF simulations and phantom measurements. The OP-driven excitation vector was 

excluded from the heating measurements due to its weak and non-uniform B1
+ field in 

the immediate vicinity of the sample implant. The simulated point SAR maps exhibited a 

similar pattern to the simulated E-field maps, as SAR is proportional to E2. by aligning 
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the implant parallel to the direction of the B0, a strong coupling between the RF trans-

ceiver and the implant was observed where the implant behaved like a dipole antenna, 

resulting in elevated SAR values close to the tips of the sample implant. This effect 

arises from charge accumulation at the tips of the implant, leading to heightened SAR in 

close proximity to the implant. The movement of these charges along the implant's sur-

face, known as induced currents, contributes to B1
+ field inhomogeneities. 

The SAR values achieved through the GA-based transmission field shimming approach 

were notably diminished in comparison to the CP mode, indicating a decreased induc-

tion of current on the implant using the GA-based approach ( Figure 10 ). The decrease 

in SAR is accomplished by generating a diminished electric field in the proximity of the 

implant, mitigating the potential risks associated with excessive power deposition. 

 

Figure 10: Maximum value of the simulated point SAR maps projected on the sagittal view of 

the phantom using GA-based (A) and CP-based (B) transmission field shimming for 1 W input 

power. Phantom experiment results of the temperature increase maps for a sagittal view using 

the GA-based (C) and CP-based (D) shimming. The region of interest (ROI) containing the im-

plant is highlighted in red (figure from Berangi, Mostafa, Andre Kuehne, Helmar Waiczies, and 

Thoralf Niendorf. "MRI of Implantation Sites Using Parallel Transmission of an Optimized Ra-

diofrequency Excitation Vector" Tomography 9(2), 2023, [52]). 

The temperature difference maps derived from MR thermometry supported the SAR 

assessment results. The CP approach produced a temperature increase of ΔT = 2.5–
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3.0 K at the implant's tips due to the induced transmission fields. In contrast, the GA 

approach generated transmission fields that did not contribute to any additional temper-

ature rise around the implant (Figure 10). The temperature distribution in the vicinity of 

the implant was similar to the background temperature when using the GA approach. 

 

B1
+ maps were used to investigate the effect of different implant orientations relative to 

a reference position where the implant was oriented parallel to the long axis of the 

phantom. To facilitate repositioning, a liquid phantom material using sucrose was used. 

Implant orientations were defined in spherical coordinates with the implant center as the 

origin and polar (θ) and azimuthal (φ) angles determining the orientation. Transversal 

slices crossing the center of the implant were acquired as at the center of the implant 

the B1
+ inhomogeneity induced by the implant is most prominent. Figure 11A (A–R) pre-

sents a summary of the B1
+ maps obtained using CP, OP, and GA-based shimming al-

gorithms. For an orientation of θ=90° and φ=0°, the implant-induced B1
+ artifact was 

minimized (Figure 11A (J–L)). In this orientation, minimal current was induced on the 

implant due to the nearly parallel alignment of the RF transceiver array's E-fields with 

the implant's long axis. Other implant orientations exhibited significant B1
+ inhomogenei-

ties near the implant when using CP or OP transmission field shimming. The GA ap-

proach significantly improved B1
+ uniformity. Regardless of the implant orientation, GA 

transmission field shimming consistently provided superior B1
+ in terms of uniformity 

and strength compared to CP and OP transmission field shimming counterparts. 
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Figure 11: (A) The B1
+ maps obtained using CP-, OP-, and GA-based transmission field shim-

ming for various implant orientations (labeled from A to R). Implant orientation is defined in 

spherical coordinates (θ and φ) with the origin at the center of the implant. The red region indi-

cates the ROI covering the implant in phantom. (B) Mean ± std. of B1
+/√(powerFwd.) and (C) Per-

centage coefficient of variation in B1
+/√(powerFwd.) within the ROI for different implant orienta-

tions using CP, OP, and GA transmission field shimming (figure from Berangi, Mostafa, Andre 
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Kuehne, Helmar Waiczies, and Thoralf Niendorf. "MRI of Implantation Sites Using Parallel 

Transmission of an Optimized Radiofrequency Excitation Vector" Tomography 9 (2), 2023, [52]). 

3.5 MRI of Implants Using a High Spatial Resolution 

To evaluate the clinical feasibility of transmission field shimming, a 3D gradient-echo 

MRI scan with specific imaging parameters (TR = 20 ms, TE = 2.7 ms, FA = 20°, iso-

tropic spatial resolution = 0.5 mm^3, matrix size = 512 × 512 × 104, TA ≈ 17 min, re-

ceiver bandwidth = 501 Hz/Px) is conducted. The eight-loop-dipole configuration (H) 

was employed, along with excitation vectors derived from the CP, OP, and GA methods. 

From the acquired 3D data, imaging planes containing the implant and B1
+ artifacts 

were manually selected using a custom MATLAB script. By utilizing minimum-intensity 

projection (MinIP), 2D MinIP images (Figure 12) were generated to highlight potential 

destructive interference in the vicinity of the implant. When employing CP and OP algo-

rithms for transmission field shimming, a bow shaped B1
+ artifact emerged near the im-

plant. However, the GA transmission field shimming technique effectively eliminated B1
+ 

artifacts, resulting in uniform images around the implant (Figure 12). 
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Figure 12: Minimum-intensity projections of B1
+ artifacts near the implant obtained from 3D gra-

dient-echo MRI. The B1
+ artifacts were evaluated using CP-, OP-, and GA-based transmission 

field shimming techniques for various implant orientations (labeled A-R), corresponding to the 

excitation vector displayed in Figure 11. Implant orientation is defined using polar and azimuthal 

angles in spherical coordinates, with the origin at the center of the implant. The red region indi-

cates the ROI under investigation (figure from Berangi, Mostafa, Andre Kuehne, Helmar 

Waiczies, and Thoralf Niendorf. "MRI of Implantation Sites Using Parallel Transmission of an 

Optimized Radiofrequency Excitation Vector" Tomography 9 (2), 2023, [52]). 

3.6 EMF Simulations in a Realistic Human Voxel Model 

The simulation utilized the eight-loop-dipole configuration (H) to replicate a realistic hu-

man model (Duke [64]), incorporating a sample screw (L = 70 mm, outer diameter Dout = 

1 mm) implanted in the right tibia. For transmission field shaping (B1
+ shimming), the GA 

approach was employed with the specific properties outlined in the transmission field 

shaping section. A cylindrical ROI (L = 110 mm, D = 40 mm) was defined for the analy-
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sis. To assess B1
+ strength, uniformity within the ROI, and SAR reduction, the CP 

method was used as a benchmark. The results are depicted in Figure 13. 

 

Figure 13: EMF simulation setup and results for sample screw implant in the tibia. (A) Setup 

overview illustrating the positioning of the sample screw implant within the tibia of the Duke hu-

man voxel model. (B) Maximum point SAR projections obtained for the GA (top) and CP (bot-

tom) approaches with 1 W input power. (C) B1
+ maps derived from slices through the center of 

the implant using the GA (top) and CP (bottom) approaches. The red region indicates the ROI 

of interest (figure from Berangi, Mostafa, Andre Kuehne, Helmar Waiczies, and Thoralf Nien-

dorf. "MRI of Implantation Sites Using Parallel Transmission of an Optimized Radiofrequency 

Excitation Vector" Tomography 9 (2), 2023, [52]). 

3.7 Robustness of the transmission field shimming against small implant dis-

placement  

Electromagnetic simulations using the eight-loop-dipole configuration (H) were per-

formed and further processed using in-house MATLAB scripts. A cylindrical shape im-

plant (R=2mm, L=70mm) was placed parallel to the phantom’s long axis. By aligning the 

origin of the coordinate system with the center of the phantom (Figure 14_top), the cen-

ter of the implant was placed at (x=0, y=-55 mm, z=0). B1
+ field optimization was per-

formed, and an optimum excitation vector (ev) was derived from the GA approach, used 

as a base ev and applied to scenarios where the implant is rotated and/or shifted with 

respect to its initial orientation/position. The scenarios used in the simulations are sum-

marized in Table 2 where the position of the center of the implant is defined in Cartesian 

coordinates while variations in the implant’s orientations are defined by a spherical co-
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ordinate system. The resulting B1
+ and SAR maps were calculated, and the perfor-

mance of the method was benchmarked against a circular polarization (cp) shim vector. 

Figure 14 (bottom) shows transversal B1
+ maps through the center of the implant and 

maximum projection point SAR maps obtained for GA and cp excitation vectors using 

the geometrical setups outlined in Table 2.  The target ROI encompassing the implant is 

highlighted with a black contour. It is shown that CP B1
+ shimming suffers from deficient 

B1
+ in the vicinity of the implant due to strong signal voids in this region. From the safety 

perspective, the CP induces significant SAR elevation close to the implant tips which 

may result in hazardous risks of tissue burn. The optimized shim pattern derived from 

GA was able to eliminate the B1
+ inhomogeneities for several implant orientations. The 

GA approach also yielded only minor SAR elevation close to the implant. These results 

demonstrate that the GA approach outperformed the CP for B1
+ and SAR. In detail, the 

extreme case of the geometrical setup 5 (θ=70, =450) showed a maximum point SAR 

generated by the CP approach which was   709% higher than maximum point SAR facil-

itated by the GA approach. For the same setup, mean B1
+ provided by the CP approach 

was 30% inferior to that supported by the GA approach. 

Table 2: Experimental implant orientations used in the EMF simulations for assessing the ro-

bustness of the GA-based transmission field shimming against small implant displacement.  

Second column corresponds to the position of the implant's center relative to the origin of the 

coordinate system (phantom's center) as shown in Figure 14. The last two columns define the 

orientation of the implant using polar and azimuthal coordinate system. 

 
Implant centre 

Polar angle 

(With respect to z) 

Azimuthal angle 

(With respect to x) 

Experiment [x, y, z] mm θ° φ° 

1 [0, -60, 0] 7 -45 

2 [0, -55, 0] 0 - 

3 [0, -55, 0] 15 -90 

4 [0, -55, 0] 21 -44 

5 [0, -55, 0] 7 -45 

6 [0, -45, 0] 0 - 
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Figure 14: Assessment of small implant movements on GA against CP. Top) The simulation 

setup, showing the implant position and the definition of the coordinate system.  Bottom) B1
+ 

maps (left) and maximum projection maps of point SAR (right) derived from the GA approach 

(top row) and the CP approach bottom row) using the experimental setups in Table 2. 
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4 Discussion 

 

This chapter contains and uses results of my research that have been published in: 
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Willumeit-Römer, Jan-Marten Seitz, Radiofrequency induced heating of biode-
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tive Materials 25, 2023 
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❖ Abstract 1 

Mostafa Berangi, Andre Kuehne, Helmar Waiczies and Thoralf Niendorf “Excita-

tion vector optimization for safe parallel transmission MRI of passively conducting 

implants in the presence of motion”, Joint Annual Meeting ISMRM-ESMRMB & 

ISMRT 31st Annual Meeting ISMRM, 2022, London. Abstract 2628 

and therefore, contains text, statements, passages and figures from these publications. 

 

Postoperative care in orthopaedic surgery relies on precise imaging techniques to moni-

tor bone healing, implant placement, and to ensure appropriate mechanical and physio-

logical responses between the host and the implant. Early-stage research of biomateri-

als focuses on assuring these responses, while later stages require insights into product 

application, translational aspects, and medical imaging compatibility. The increasing 

number of orthopaedic implantations drives the need for post-surgery imaging, particu-

larly MRI, which offers excellent bone-tissue contrast. However, a careful risk assess-
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ment of RF-induced heating of conducting implants is essential before utilizing MRI for 

monitoring implantation sites. This study contributes to the literature and pushes the 

boundaries of the state-of-the art by examining material characteristics, corrosion dy-

namics, and the influence of the degradation layer on RF-induced heating specifically in 

Mg-based implants, addressing a significant need and opportunity in the field. Further-

more, the possibility of achieving safe and distortion-free MRI at 7.0 T in the presence of 

metallic implants is investigated. This is accomplished by employing parallel radiofre-

quency transmission along with excitation vector optimization. The performance of eight 

different radiofrequency array configurations including loop elements and fractionated 

dipoles is evaluated based on metrics such as maximum 10g-average specific absorp-

tion rate (SAR10g,max), transmission field strength, and uniformity. 

4.1 Summary of main results 

In contrast to conventional titanium and stainless-steel materials, Mg-based implants 

undergo degradation over time when exposed to bodily fluids. Consequently, the chem-

ical composition and physical geometry of the implant change during the healing pro-

cess. Since material composition and the shape of the implant influence the RF-heating 

and artefact of metallic implants, our study used various imaging scenarios to character-

ize in vitro corroded Mg-based screws. It is important to acknowledge that the in vitro 

degradation technique utilized in this study offers only a limited representation of the 

intricate processes involved in degradation within the human body. This is due to our in 

vitro approach not considering the impact of biological material or cell adhesion [65]. 

During the degradation of Mg within the body, the underlying metallic material corrodes, 

giving rise to non-metallic degradation layers primarily composed of MgO and Mg(OH)2 

[66]. Introducing corrosion time as a parameter reveals a reduction in artifact production 

as the implant undergoes in vitro degradation. This decrease in artifact size is confirmed 

by our results obtained for a range of in vitro corrosion times. 

The EMF simulations illustrated that utilizing the RF array configuration with eight loop-

dipole channels, driven by optimized transmission field patterns obtained from a multi-

objective GA, resulted in the strongest and most uniform transmission field B1
+ within a 

specific region of interest (ROI) containing the implant. By utilizing B1
+ mapping, MR 

thermometry, and 3D gradient-echo imaging on a muscle tissue-like phantom, it Is 

shown that the combination of the eight-channel loop-dipole RF array and the multi-
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objective GA effectively reduces implant-induced SAR and achieves the necessary uni-

formity of the transmission field for monitoring tissue healing and assessing the degra-

dation of metallic implants using MRI. Although our study was conducted at 7.0 T, this 

approach can be readily adapted to other available pTx systems at different magnetic 

field strengths, such as 3.0 T and 1.5 T, as well as higher field strengths like 10.5 T or 

14.0 T. Opting for dynamic pTx rather than static pTx would further improve the trans-

mission field, especially in the presence of implants. While our clinical example focused 

on screw implants for bone fracture fixation in body extremities to demonstrate the proof 

of principle, our methodology can be conveniently applied to other body regions by cus-

tomizing RF arrays for those specific regions. 

4.2  Interpretation of results 

Examining the electromagnetic properties of the degradation layer can provide insights 

into how it influences artifact production. Mainly composed of Mg(OH)2 [67], the degra-

dation layer consists of non-eclectically conducting material. Thus, the degradation layer 

might be considered as separation gap between metallic material and surrounding tis-

sue which reduces the unwanted implant induced effects on implantation site. On the 

other hand, as the scattering magnetic and electric fields of the implant are reduced by 

distance from the implant hence the presence of this separation layer reduces the 

strength of the scattering fields sensed by the tissues in the implantation site. 

The application of the CP excitation approach near the implant leads to the emergence 

of B1
+ artifacts and excessive SAR caused by the implant. Conversely, the OP method 

can mitigate implant-induced SAR, albeit with the trade-off of B1
+ degradation at the im-

plant site, leading to uneven image intensity. Our findings indicate that the utilization of 

the GA-based approach effectively addresses both issues, making it a promising solu-

tion for safe clinical MRI of orthopedic implants without B1
+ artifacts.  

The GA-based transmission field shimming technique eliminates the impact of conduct-

ing implants on EMFs by suppressing RF-induced current on the implant surface. This 

is accomplished by establishing a region with a diminished electric field in the vicinity of 

the implant. Therefore, it is plausible to adapt the GA method for shaping the transmis-

sion field around other passive conducting devices, such as guide wires, standard tita-

nium implants, intracoronary stents, catheters or metallic needles. 
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4.3  Critical consideration of the results versus the state of research 

Heating caused by RF induction in conducting implants is influenced by the electromag-

netic properties of the material and its physical geometry. In the body, elevated heating 

and artefact is more pronounced when the implant length is between half and a quarter 

of the RF wavelength (e.g., at 3.0 T ranging from 15 to 6.5 cm in tissue) [68]. While this 

range does not include the 40 mm length implants that were examined in this experi-

ment. On the other hand, the uncoated and PEO-coated screws with lengths of 70 mm 

may be affected by this phenomenon. This observation is in accordance with our exper-

iments, where the 70 mm un/coated Mg screw exhibits higher heating (1.6 °C and 2.1°C 

respectively) compared to the uncoated screw with a length of 40 mm (1.2 °C). Although 

no significant differences were found between the materials, the non-degraded implant 

displayed slightly increased RF heating compared to the titanium equivalent. 

Simulations on the secondary E-field distribution of a linear implant while varying the 

material's conductivity revealed that increasing the conductivity of the material results in 

stronger scattered secondary field hotspots at the tips of the implant [69]. Considering 

that Mg-based implants exhibit higher conductivity compared to titanium [70], this may 

explain the slightly elevation of measured heating. However, investigation studies on 

high electrically conducive material (such as copper, aluminum, and silver)  substantiat-

ed the assumption that the current distribution on perfect electric conductors and high-

conductivity materials can be considered equal [60].  Therefore, it is not expected that 

there will be significant differences in heating profiles between Mg-based and titanium 

materials, as illustrated in Figure 6. 

4.4  Strengths and limitations of the study(s) 

The investigation of Mg-based implant heating and artefact in the MRI faces limitations 

due to the inherent degradation properties of these implants. The reactive nature of Mg-

based alloys prevents repeated testing of samples due to their interaction with the wa-

ter-based phantom medium. Consequently, multiple samples need to be prepared for 

each time-point, which leads to variations in non-uniform corrosion. Furthermore, ex-

tended placement of the samples in the phantom is not possible as it would result in the 

formation of hydrogen gas bubbles. Although for the heating experiments, the area sur-

rounding the temperature probes was confirmed to be bubble-free prior to measure-

ments, sporadic formation of small millimetre-sized bubbles on the implant was ob-
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served as a result of the corrosion process. This concern highlights the need to revise 

the ASTM F2182 procedures to incorporate validated and standardized protocols for the 

mapping of the heating induced by radiofrequency (RF) in biodegradable materials. 

It is important to note that our study on elimination of implant induced heating has fo-

cused and hence limited on high-spatial-resolution gradient-echo imaging using MRI. 

Further investigation into alternative MRI techniques like echo-planar imaging or fast-

spin-echo imaging is necessary and justified. Also, the RF transmission channels are 

limited to eight independent radiofrequency power amplifiers (RFPA) with a peak output 

power of 1 kW each, due to the design of the MR scanner system utilized. However, the 

latest commercially accessible implementations can overcome this limitation by support-

ing up to sixteen RFPAs, offering adjustable RF output power of up to 2 kW. Moreover, 

pioneering scalable prototypes enable up to thirty-two independent signal generators, 

RFPAs, and RF chains, providing even greater potential for parallel transmission MRI of 

the body at 7.0 T [71, 72]. EMF simulations have also examined parallel transmission 

employing RF transceiver array setups comprising as many as 48 channels [73]. There-

fore, employing more RF transmission channels enhances the degrees of freedom and 

offers greater flexibility in shaping the transmission field. This advancement is particular-

ly advantageous for suppressing induced currents on implants of varying geometry or 

size, potentially improving the overall performance of the proposed approach. However, 

it's important to note that increasing the number of RF channels to cover the same re-

gion of interest necessitates smaller transceiver elements, leading to reduced load 

noise from each element, but also introducing additional coil resistance (e.g., through 

more copper, lumped elements, etc.), which limits the signal-to-noise ratio of MRI. 

Moreover, increasing the channel count leads to an augmented amount of the overall 

losses in the transmission path due to the increased need for cabling and circuit ele-

ments. Therefore, the optimal number of independent RF transmission channels for MRI 

of implants depends on the specific application, implant configuration, and target anat-

omy. 

4.5  Implications for practical application and directions of future research 

MRI aided monitoring of implantation sites in patients with (bio-degradable) implants 

present an under-estimated and under-investigated clinical challenge. While RF-

induced heating caused by a set of several permanent implants has been examined, 
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future studies should also consider the heating caused by multiple implants composed 

of biodegradable materials. Additionally, the impact of implant fractures on RF power 

deposition of non-degradable and biodegradable implants has not been investigated so 

far. Therefore, it is important to investigate the effect of these configurations on heating 

profiles of Mg-based implants, which may result in a safety hazard for patients. 

Any implant fracture alters the electromagnetic response of the implant, potentially lead-

ing to severe SAR elevation compared to the non-fractured counterpart. This scenario 

could occur in vivo [74] and could pose additional safety risks. The RF power deposition 

phenomenon of a fractured implant can be attributed to the concept of fractioned dipole 

[75] with capacitors placed at the fractured sections, where strong electric fields are 

formed at the fractured section of the implant, potentially leading to significant SAR ele-

vation.  

Based on the findings of this thesis for the case of non-fractured implant, it is hypothe-

sised that general excitation schemes such as CP yield magnification of RF power dep-

osition in fractured implants. On the other hand, attributing the fractured implant to the 

case of fractured dipole, it is assumed that there may exist optimum excitations that in-

duce less current on the implant and therefore are less susceptible to SAR amplification 

induced by implant fractures. These hypothesises require more in-depth investigations 

and further comprehensive research is necessary to define the influence of implant frac-

tures and other real-life scenarios on the safety of MRI aided monitoring of implantation 

sites.  
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5 Conclusions  

The findings obtained in this thesis project demonstrated that Mg-based screws show a 

decrease in metallic artefact production over time in various MRI experiments of differ-

ent degradation time points. In comparison to titanium alternatives, the Mg-based mate-

rial generated significantly lower artefacts, making it a promising candidate for future 

orthopedic solutions with suitable MRI compatibility. Additionally, my evaluation of RF-

induced heating of Mg-based implants during MRI revealed that as corrosion time and 

degradation layer formation progressed, the degradation of Mg-based screws led to a 

reduction in RF-induced heating. This decrease in heating may be attributed to the for-

mation of corrosion layer which acts as a non-conductive region making distance be-

tween the implant induced electric fields induced and tissue. As the SAR elevation cor-

responds to the elevated electric fields as a result of charge (i.e. electrons) accumula-

tion at the tips of implant and this electric field decays with inverse square of distance 

from the charges, the corrosion layer might be considered as a separator region leading 

to less implant induced SAR on adjacent tissues. The non-degraded Mg-based sample 

posed the highest heating risk immediately after implantation, while RF-induced heating 

was similar between native Mg-based screws, surface-treated Mg-based screws with 

PEO, and titanium equivalents. These findings suggest the need for revised industry 

safety standards to include testing of conducting medical devices using methodologies 

tailored for biodegradable materials. Additional clinical research is needed to assess 

degradation rates based on the extent of artifacts and to investigate alternative methods 

for monitoring degradation. 
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