
Imaging magnesium-based implants and their
biological surroundings

Dissertation

to obtain the academic degree

DOCTOR OF ENGINEERING (DR.-ING.)

from Christian-Albrechts-Universität zu Kiel

submitted by

JONATHAN W. ESPIRITU
of Glendale, United States of America

November 2024





Doctoral Researcher Jonathan W. Espiritu
Supervisor Prof. Dr. Regine Willumeit-Römer
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Abstract

The increasing prevalence of bone-related injuries and the ageing geriatric population
continue to drive the orthopaedic implant market. This cumulative thesis presents
three interconnected investigations that address critical aspects of biodegradable
magnesium (Mg)-based orthopaedic implants: their impact on bone remodelling,
magnetic resonance imaging (MRI) artefacts, and radio-frequency (RF)-induced
heating. Additionally, a comprehensive literature review is presented on the behaviour
of Mg-based alloys in MRI. These investigations contribute to our understanding of
the behaviour and implications of Mg-based implants in clinical practice.

The first study explores the relationship between biodegradable implant materials
and bone health, focusing on the lacuno-canalicular network (LCN) and its integral
role in bone remodelling. The influence of plasma electrolytic oxidation (PEO)
surface treatment on LCN morphology around WE43 screws implanted into sheep
bone is investigated. Synchrotron-based transmission X-ray microscopy is utilised to
characterise LCN differences between untreated and PEO-treated implants. Findings
indicate that PEO-coated WE43 screws induce healthier lacunar shapes within the
LCN, while uncoated materials promote a more connected LCN, potentially better
prepared for bone trauma.

The second investigation addresses the issue of image artefacts caused by Mg-
based implants in MRI. The study involves in vitro, ex vivo, and clinical assessments of
Mg-based implants for various magnetic field strengths, with a focus on quantifying
metallic artefact behaviour. Results demonstrate that as the Mg-based implant
degrades, metallic artefact production decreases, particularly when the imaging plane
is perpendicular to the implant axis. Compared to titanium equivalents, Mg-based
implants consistently produce lower metallic artefacts, supporting their potential for
post-operative MRI monitoring.

The final investigation explores the effect of the degradation layer on RF-induced
heating of Mg-based orthopaedic implants. WE43 compression screws were subjected
to in vitro degradation, and temperature measurements were used to quantify implant
heating during MRI. Results indicate that the highest risk of implant RF heating
occurs before degradation, with heating decreasing as the degradation layer forms.
Importantly, no statistical differences in heating are observed between non-degraded
WE43 material and commercial titanium equivalents. The findings highlight the need
for industry standards to consider biodegradable materials in MRI safety assessments.

In conclusion, this cumulative thesis provides a comprehensive exploration of
Mg-based orthopaedic implants, encompassing their influence on bone remodelling,
MRI image quality, and patient safety. The results advance our knowledge of these
implants’ behaviour and their potential for enhancing patient care in orthopaedic
surgery, imaging, and post-operative monitoring.
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Zusammenfassung

Die zunehmende Prävalenz von Knochenverletzungen, sowie die zunehmend älter
werdende Bevölkerung treiben weiterhin den Markt für orthopädische Implantate an.

Diese Studie präsentiert drei miteinander verbundene Untersuchungen, welche
sich mit kritischen Aspekten von biologisch abbaubaren, magnesiumbasierten or-
thopädischen Implantaten befasst:

Die möglichen Auswirkungen der Implantate auf die Knochenremodellierung,
die Artefakte in der Magnetresonanztomographie (MRT) und zuletzt die induzierte
Erwärmung durch Hochfrequenz des MRT.

Zusätzlich wurde eine umfassende Literaturübersicht über das Verhalten von
Mg-basierten Legierungen in der MRT vorgestellt. Diese Untersuchungen tragen
zu unserem Verständnis des Verhaltens, sowie der Auswirkungen von Mg-basierten
Implantaten in der klinischen Praxis bei.

Die erste Studie untersuchte die Beziehung zwischen biologisch abbaubaren
Implantatmaterialien und der Knochengesundheit. Hierbei lag der Fokus auf dem
lakuno-kanalikulären Netzwerk (LCN) und seiner integralen Rolle bei der Knochenum-
bildung. Es wurden die Auswirkungen der Plasmabehandlung durch elektrolytische
Oxidation (PEO) auf die Morphologie des LCN in Schafknochen implantierter
WE43-Schrauben untersucht. Zur Charakterisierung der LCN-Unterschiede zwischen
unbehandelten und PEO-behandelten Implantaten wurde synchrotronbasierte Rönt-
genmikroskopie eingesetzt. Die Ergebnisse deuten darauf hin, dass PEO-beschichtete
WE43-Schrauben gesündere lakunare Formen innerhalb des LCN induzieren, während
unbeschichtete Materialien ein stärker vernetztes LCN fördern, das möglicherweise
besser auf Knochenverletzungen vorbereitet ist.

Die zweite Untersuchung befasste sich mit dem Problem von MRT-Artefakten,
die durch Mg-basierte Implantate verursacht werden. Die Studie beinhaltet in vitro,
ex vivo und klinische Bewertungen von Mg-basierten Implantaten für verschiedene
Magnetfeldstärken, wobei der Fokus auf der Quantifizierung des metallischen Arte-
faktverhaltens lag. Die Ergebnisse zeigten, dass mit dem Abbau des Mg-basierten
Implantats die Produktion von metallischen Artefakten abnahm, insbesondere wenn
die Bildebene senkrecht zur Implantatachse lag. Im Vergleich zu Titanäquivalenten
erzeugen Mg-basierte Implantate durchweg geringere metallische Artefakte, was ihr
Potenzial für die postoperative MRT-Überwachung unterstützt.

Die abschließende Untersuchung analysierte den Einfluss der Abbauschicht auf
die durch Hochfrequenz induzierte Erwärmung von Mg-basierten orthopädischen
Implantaten. WE43-Kompressionsschrauben wurden einer in vitro Degradation un-
terzogen und Temperaturmessungen wurden verwendet um die Implantaterwärmung
während des MRTs zu untersuchen. Das höchste Risiko einer Implantaterwärmung
durch Hochfrequenz trat vor der Degradation auf, wobei die Erwärmung abnahm,
als sich die Abbauschicht bildete. Wichtig ist, dass keine statistischen Unter-
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schiede in der Erwärmung zwischen nicht abgebautem WE43-Material und kom-
merziellen Titanäquivalenten beobachtet wurden. Die Ergebnisse unterstreichen die
Notwendigkeit, dass Industrienormen biologisch abbaubarer Materialien in MRT-
Sicherheitsbewertungen zu berücksichtigen sind.

Zusammenfassend bietet diese Studie eine umfassende Untersuchung von Mg-
basierten orthopädischen Implantaten, einschließlich ihrer Auswirkungen auf die
Knochenumbildung, die MRT-Bildqualität und die Patientensicherheit. Die Ergeb-
nisse erweitern unser Wissen über das Verhalten dieser Implantate und ihr Potenzial
zur Verbesserung der Patientenversorgung in der orthopädischen Chirurgie, Bildge-
bung und postoperativen Überwachung.
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Chapter 1

Introduction

In the realm of modern medicine, the development and implementation of orthopaedic
implants have marked significant milestones in enhancing the quality of life for indi-
viduals suffering from musculoskeletal disorders and injuries [1]. These remarkable
innovations have not only alleviated pain but have also restored mobility and func-
tionality, allowing patients to regain their independence and lead fulfilling lives. In
the pursuit of continually improving these life-changing interventions, the intersection
of biomaterials science, medical imaging technologies, and translational research
has emerged for groundbreaking advancements [2]. This dissertation examines the
intricacies of orthopaedic implants, with a particular focus on magnesium (Mg)-based
implants, their surface modifications, and the pivotal role played by medical imaging
technologies in their development and evaluation. In this introductory chapter, we
will lay the foundation for the forthcoming chapters, offering preliminary insights
into the various aspects of biomaterials, Mg, bone biology, and medical imaging
techniques that collectively contribute to the paradigm shift in orthopaedic implant
technology.

Orthopaedic implants have revolutionised the treatment of a wide range of
musculoskeletal conditions, from fractures and degenerative joint diseases to complex
deformities. These implants, ranging from metallic plates [3] and screws [4] to
artificial joints [5] and spinal implants [6], have not only improved patient outcomes,
but have also extended the potential for active and pain-free living. However, the
need for better surgical outcomes, reduced complications, and increased patient
satisfaction continues to drive research in this field.

In recent years, a novel class of orthopaedic implants based on Mg-based alloys has
emerged, promising to be a step change in treatment [7]. Unlike traditional implants
that are permanent fixtures in the body, Mg-based implants have the remarkable
property of biodegradability, gradually dissolving over time, being replaced with
regenerated tissue [8]. This property holds great promise for minimising long-term
complications and avoiding the need for secondary implant removal surgeries.

The successful development and evaluation of orthopaedic implants heavily rely
on advanced medical imaging technologies. X-ray imaging provides essential insights
into implant positioning and structural integrity, while magnetic resonance imaging
(MRI) offers a more nuanced understanding of bone morphology and soft tissue
responses. In the chapters to come, we conduct a comprehensive investigation into
the applications and advancements in these imaging modalities, hinting at their
indispensable role in medical implant evaluation.
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Bridging the gap between laboratory research and clinical application is a pivotal
step in the evolution of orthopaedic implants. Translational research encompasses the
entire journey, from conceptualisation and preclinical testing to regulatory approvals
and widespread clinical use. This dissertation will explore the translational aspects of
medical device development, providing insight on the processes involved in bringing
innovative implant technologies from bench to bedside.

Within the framework of this dissertation, a range of imaging technologies
are systematically employed to examine the interplay between bone and implants,
alongside the translational aspects pertinent to the advancement of medical device
development. Chapter 3 establishes the theoretical foundation, describing the role
of Mg as a biomaterial and key aspects of bone biology. Furthermore, we explore
the domain of imaging techniques, offering an in-depth exploration in Chapter 4.
Additionally, Chapter 5 presents an exhaustive literature review specifically focusing
on Mg-based implants within the context of MRI.

Subsequently, this dissertation sequentially presents the publications from the
research undertaken during this doctoral investigation. These publications are organ-
ised to delineate a coherent trajectory, commencing from fundamental investigations
conducted at the ”scientific bench-side” and culminating in experiments aimed at fa-
cilitating the clinical integration of medical devices. Chapter 6, for instance, employs
innovative imaging techniques to investigate bone remodelling surrounding both
uncoated and surface-treated WE43 implants. As we traverse from experimental
science toward patient-centred care, Chapter 7 evaluates the behaviour of implant
materials within the realm of MRI—a domain where the quality of MR images is
profoundly influenced by the interaction of implant materials. Transitioning towards
the domain of clinical utility, Chapter 8 in Part II provides valuable insights into
ensuring patient safety during post-operative care.

Lastly, a comprehensive synthesis of all findings is offered. The findings are
accompanied by a forward-looking perspective on the future developments pertaining
to Mg-based implants and the continued utilisation of advanced imaging technologies
in this field of research. Through the exploration of these chapters, we aim to
illuminate the evolving landscape of orthopaedic implants and contribute to the
collective endeavour of enhancing the quality of life for countless patients worldwide.
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Chapter 2

Motivation and Objectives

In this dissertation, advanced imaging methodologies are utilised to investigate the
intricacies associated with the examination of biodegradable materials in the context
of fundamental bench-side research, aimed at addressing the challenges encountered
when transitioning a medical device from laboratory settings to clinical applications.
Moreover, the utilisation of plasma electrolytic oxidation (PEO) surface treatments
has been demonstrated to mitigate the rapid degradation tendencies exhibited by
magnesium (Mg) through the inhibition of corrosion rates. It is noteworthy, how-
ever, that there is currently little documented research pertaining to the impact of
biodegradable materials on the lacunar-canaliculi network (LCN) within bone, par-
ticularly when employing non-destructive three-dimensional (3D) imaging techniques
such as synchrotron radiation-based transmission X-ray microscopy (TXM).

Additionally, the utilisation of Mg-based implants introduces certain challenges
in the realm of magnetic resonance imaging (MRI), including the generation of image
artefacts and the potential elevation of local tissue temperatures. Nevertheless, it is
imperative to acknowledge that the influence of Mg degradation on image quality,
specifically in terms of metallic artefacts in MRI examinations and the induction of
local tissue heating, remains an under-explored area.

Consequently, the primary objective of this dissertation is to harness cutting-edge
imaging technologies to gain insight into the biological environment surrounding Mg-
based implants. Furthermore, it seeks to evaluate these materials in accordance with
prevailing industry standards, with the ultimate goal of enhancing the performance
of future medical devices. To this end, the research aims to address the following
key questions:

1. What is the influence of PEO-coated Mg-based screws on the surrounding bone
structure, utilising synchrotron radiation-based TXM?

2. Is it possible to quantify the production of metallic artefacts by Mg-based
implants during MRI procedures? How does the performance of Mg-based
implants compare to their titanium counterparts in this context?

3. How does the degradation layer of Mg-based implants influence the RF-induced
heating profiles of the implant during MRI examinations?

Having explored the motivations behind this research, we now turn our attention
to the foundational context that inform the dissertation.
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Chapter 3

Background Part I: Magnesium
and Bone

This chapter serves as an introduction to biomaterials, describing biodegradable
materials, with a special focus on Mg. We discuss material surface treatments and
their pivotal role in enhancing the biocompatibility and performance of biomaterials.
Moreover, this chapter offers a basic understanding of bone biology as it interfaces with
the world of biomaterials. The synergy between these topics serves as a foundational
framework for our subsequent discussions, fostering insights into the development,
applications, and advancements of biomaterial science and its implications in the
field of biomedical engineering and healthcare.

3.1 Biomaterials

A biomaterial is any none-drug substance, synthetic or natural, that can be used
as a system or part of a system to treat, augment, or replace a tissue, organ, or
function of the human body [9]. To maintain patient safety, it is necessary to assess
the biocompatibility of the implant or biomaterial. Biocompatibility is the ability of
a material to perform with an appropriate host response in a specific application
[10]. It involves the effects of the material on the host and the effects of the host on
the material.

In terms of the effects of implants on hosts, responses can be observed at the
local and systemic level. Locally, blood-material interactions (protein adsorption,
coagulation, fibrinolysis, etc.) [11], infection [12], carcinogenesis, [13], embolisation
[14], and hypersensitivity [15] may occur. While the biomaterial may impact the
physiological environment of the human body, the human body itself may affect the
biomaterial simultaneously. Physical and mechanical effects in the form of abrasive
wear [16] and fatigue [17] are applied by physical activity of the host. Biological
effects such as enzymatic degradation [18] and calcification [19] from tissues also
occur. These responses need to be analysed to ensure the absence of carcinogenicity,
immunogenicity, toxicity, and teratogenicity.

Popular biomaterials used today include ceramics, cobalt-chromium alloys, stain-
less steel, titanium alloys, and polymers [20, 21]. Medical implants made of these
materials have been applied in the neural [22], sensory, and spinal environments
of the human body [23]. Moreover, biomaterials are utilised in organ stimulation
devices [24], cosmetics industry [25], and dental applications [26].
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Biomaterials can be separated into the following categories: bioinert and bioactive.
Bioinert materials resist the adhesion of proteins and cells (such as contact lenses). In
contrast, bioactive materials promote the adhesion of proteins and cells. Biomaterials
can similarly be classified depending on the carbon content of the material as organic
or inorganic. Moreover, materials can be classified as metals, ceramics, polymers,
and composites (Figure 3.1).

Figure 3.1: Breakdown chart of biomaterial classification.

3.2 Biodegradable Materials

Permanent metallic implants such as stainless steel, cobalt-chromium, and titanium
are frequently removed after healing of the injury to prevent various side effects:
bone resorption caused by stress shielding [27] and microbial implant infections
[28]. Additionally, permanent implants fail to adapt to rapid growth in children
and adolescents. The requirement of secondary removal surgeries due to potential
mechanical implant failure, rejection, migration, or other complications do not only
increase infection risk but also brings upon substantial costs to patients and hospitals.
To solve this, biodegradable materials provide an alternative solution to permanent
implants.

Biodegradable materials must not only meet general biomaterial requirements but
must also meet requirements based on degradation capability. An ideal biodegradable
material will meet the requirements of a biomaterial and absorb appropriately into the
body once function is no longer required. For example: a vascular stent requires to
be active for approximately six to twelve months to ensure arterial vessel remodelling
[29], while an orthopaedic screw used to treat a fracture requires approximately 18
days for bone healing to begin [30]. Consequently, controlling the degradation rate
is one of the largest issues faced when creating these materials.

Examples of biodegradable materials currently researched for load-bearing ap-
plications include organic polymers, iron, and zinc-based materials [31]. Though
organic polymers have an adjustable degradation speed and inherent flexible charac-
teristics, they have shown to cause inflammatory responses [32] and are too weak for
weight-bearing applications. Additionally, imaging issues arise since pure polymers
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are X-ray transparent, making it difficult for viewing. Iron-based materials maintain
higher strength than polymers. However, iron-based implant materials degrade too
slowly, requiring a longer duration for complete absorption [33]. The degradation
time of iron-based implants with a diameter of 5 mm have been reported to take
up to 5 years for complete resorption [34]. Negative biological effects such as the
accumulation of inflammatory iron hydroxide particles have been found in various
tissues [35]. Zinc-based materials have shown to have non-inflammatory effects but
have overly slow degradation periods and sub-optimal strength [36]. One material
gaining interest for orthopaedic applications is Mg.

3.2.1 Magnesium

Already found in abundance in the body, Mg serves as a co-factor in over 300
enzyme systems that regulate various biochemical reactions. A few reactions in
which Mg facilitates is the regulation of blood pressure and glucose control, muscle
and nerve function, and protein synthesis [37, 38, 39]. Additionally, Mg is required
for energy production within the body. Mg promotes bone structural development
and is required for DNA and RNA synthesis. At the cellular level, Mg is needed in
the active transport of calcium and potassium ions across the cell membrane. The
transport of these ions is important to nerve impulse conduction, muscle contraction,
and maintaining normal hearth rhythm [38]. Approximately 25 grams of Mg can be
found in the adult body, 50 to 60 % of which is stored in bones [40]. The majority
of the remainder is found in soft tissue, while less than 1 % (0.75-0.95 mmol/L) of
Mg is stored in our blood [41]. Mg homeostasis is mainly controlled by the kidney,
excreting about 120 mg of Mg via urine daily [38]. Urinary output is increased when
Mg levels in the blood are high [37]. With Mg being a vital element used in our
body, how can we utilise it as a biomaterial?

The use of Mg as a biomaterial dates back to the 19th century when Dr. Edward
C. Huse applied pure Mg as wire ligatures in three patient surgeries [42]. In 1878,
Huse successfully prevented vessel bleeding during a radial artery and varicocele
surgeries using Mg threading. The physician observed that Mg degraded slower in
vivo than in vitro and was dependent on wire size. Soon after, Austrian physician
Erwin Payr began implementing Mg-based implants in various clinical applications in
1892 [43]. From his work, Payr suggested that corrosion of the material was caused
by water content found in tissue, salts found in blood, and chemical cell processes.
This work was then extended into further animal and clinical investigations by the
Belgian orthopaedist Albin Lambotte starting in 1906 [44]. From this point onward,
Mg alloys were introduced into orthopaedic and traumatic surgery due to their good
biocompatibility [43]. However, growth in the research and application of Mg began
to slow when rapid degradation and large amounts of hydrogen accumulation in
tissue began to be noticed.

In terms of reactivity with the human body, Mg demonstrates high biocom-
patibility. The effect of Mg2+ ion concentration on stem cells must be considered
when evaluating Mg-based alloys for bone implant applications. Osteoblasts, which
differentiate from stem cells, serve as the building blocks for new bone formation. A
Mg2+ ion deficiency has been associated with altered osteoblast functions resulting in
deficient bone formation [45]. With the aid of imaging technologies, successful bone
development around Mg implants have been determined in many animal experiments.
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Osseous formation has been exhibited around the implantation of a pure Mg pin
into the distal femur of rats as described by Zhang et al. [46]. In terms of human
applications, Yang et al. investigated the indirect effects of Mg-based alloys on
human bone marrow-derived stromal cells. Results from their study revealed that
concentrations of Mg less than 10 mM did not inhibit the viability and osteogenic
differentiation of the stromal cells [47].

However, there are certain disadvantages of Mg that must be addressed to
successfully implement the material in practice. Three main drawbacks of Mg include
low elastic modulus, rapid degradation, and high hydrogen evolution [48]. The
relatively lower elastic modulus of Mg compared to traditional materials may be
beneficial in preventing stress shielding [49] but may result in potential mechanical
distortion under high loads [50]. Rapid degradation of the implant may release
Mg-alloy components such as Zn [51] at a fast rate that may be poisonous at large
amounts. Moreover, the rapid degradation of Mg implants results in a loss of
mechanical integrity as well [52]. Accumulation of gas or solid corrosion products
may exert pressure on surrounding tissue and ultimately result in implant failure
prior to proper healing time [53]. Unfortunately, this corrosion is inherent to Mg
and deems to be one of the most difficult challenges.

The corrosive behaviour of Mg in an aqueous environment like the human body
is an electrochemical process. With a negative equilibrium potential E0 of -2.36 V at
25° C, Mg is generally one of the most reactive structural materials [54, 55]. The
corrosion behaviour of Mg is attributed by the high specific dissolution behaviour and
microelectroplating due to the presence of cathodically acting local impurities and
secondary phases [54, 56, 57]. In ambient exposure conditions, a 10 nm MgO layer
is formed on the surface within seconds of open-air exposure [58]. Once humidity
is introduced, the oxide layer transforms into Mg(OH)2 which is poorly soluble in
water [59]. In the presence of water, a 20-40 nm thick layer of MgO and a 1.8-2.2
µm layer of Mg(OH)2 has been reported [60, 61]. Although insoluble (at certain pH
levels), these layers do not offer protection from further corrosion caused by solutions
containing anions (in particular Cl-, Br-, ClO4

-, SO4
2-, and CO3

2-), nitrates, and
phosphates [62, 63]. Solutions composed of anions disturb the oxide phases of the
layers and begin to locally degrade the passivating film/layer. For example, when
the chloride concentration in an electrolyte surpasses 30 mmol/L, then MgCl2 forms
from the Mg(OH)2 layer [64]. As corrosion persists, the pH level near the surface
increases, which aids in apatite formation when immersed in simulated body fluids
[65]. The overall basic corrosion process in water can be described by the following
reactions [66, 67]:

2H+ + 2e− → H2 Cathodic partial (3.1)

2Mg → 2Mg+ + 2e− Anodic partial (3.2)

2Mg+ + 2H2O → 2Mg2+ + 2OH− +H2 Chemical reaction (3.3)

2Mg + 2H+ + 2H2O → 2Mg2+ + 2OH− + 2H2 Overall reaction (3.4)

Mg2+ + 2OH− ↔Mg(OH)2 Product formation (3.5)

As Mg corrodes, hydrogen is produced by the electrochemical process, which
can be seen in Equation 3.1. This cathodic partial reaction occurs to balance the
dissolution of the Mg metal or formation of Mg ions during the anodic partial reaction
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of Equation 3.2. The highly reactive Mg overall undergoes the chemical reaction
of Equation 3.3. It should be noted that the impedance measured mass loss or
calculated release of hydrogen turns out to be lower than their actual amounts due
to corrosion processes taking place on the film’s covered and uncovered surfaces
occurring simultaneously [68]. The discrepancy between the measured mass loss and
theoretical amounts are also attributed by the surface alteration caused by physical
measurements [69]. Combining the electrochemical reactions of Equation 3.1 and 3.2
with the chemical reaction of Equation 3.3, leads to the overall reaction of Equation
3.4. Furthermore, Mg(OH)2 formation occurs as a product of the overall reaction in
Equation 3.5 [55].

Several factors play a role in influencing the overall degradation of Mg-based
implants. These factors include implant geometry, microstructure, loading and stress,
and the exposure environment, each of which has been extensively investigated for
its impact on degradation behaviour. Implant geometry, for instance, has been
established as a determinant of degradation rates. Notably, both larger implants
and those with a higher surface area have been empirically linked to an increased
degradation rate, as corroborated by previous research findings [70].

Additionally, the microstructure of the Mg-based alloy utilised in implants has
been examined for its influence on degradation kinetics. Research has consistently
demonstrated that finer grain sizes within the material tend to enhance corrosion
resistance, whereas implants with larger grain sizes may accelerate degradation,
marking the significance of microstructural control in implant design and development
[71]. Furthermore, the mechanical loading and stress experienced by Mg implants
must also be taken into account as they have been shown to exert an accelerating
effect on degradation processes [72]. Moreover, the exposure environment in which
the implant resides plays a pivotal role in degradation kinetics. Factors including pH,
temperature [73], the presence of specific ions [74], and oxygen concentration [75]
have all been acknowledged as influential parameters that can modulate corrosion
rates. Physiological conditions including these factors can vary within the body,
affecting degradation behaviour.

Mechanically, Mg possesses a lower Young’s modulus [76] and overall strength
when compared to other commercial implant materials such as titanium [77] and steel
[78]. However, Mg and Mg-alloys have closer mechanical properties to that of natural
bone, which can be seen in Figure 3.2 [79, 80, 81, 82]. In general, a biodegradable
material must maintain mechanical integrity as bone healing persists and is resorbed
when the additional support is no longer required. Finding the correct balance and
timing of mechanical stability and resorption further challenges researchers to tailor
Mg-based materials.

To address the innate corrosion and mechanical challenges of Mg, production
methods and alloys have been developed to improve the properties of the material.
High purity Mg has been achieved through production methods to reduce impurities
shown to increase degradation [83]. Alloying elements have been introduced to
improve corrosion resistance and mechanical capabilities. Frequently utilised alloying
elements for Mg alloys for implants are listed in Table 3.1 [84, 85].

Two main alloy systems have caught the attention of researchers in terms of
alloy families that generally satisfy the requirements for a biodegradable material:
the AZ series and the WE series. The most common, the AZ series, consists of Mg
with trace amounts of Al and Zn. The inclusion of Al and Zn have demonstrated to
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Figure 3.2: Strength and Young’s modulus of commonly used biomaterials.

increase corrosion resistance and tolerance against impurity elements such as nickel
and iron, respectively [86]. One issue arises with the AZ series when exposed to high
temperatures, typically required for material strengthening. Alloys of this nature
begin to mechanically deteriorate above temperatures over 120 °C [87]. Additionally,
AZ series show relatively low toughness and ductility [88]. To address the short-
comings of the AZ series, the WE series includes rare earth elements. The series
usually utilises minor alloying elements such as neodymium, zinc, and zirconium.
The inclusion of these elements creates more thermally stable precipitates [87]. More
importantly, the WE series have shown to maintain better creep resistance, ductility,
strength, and corrosion resistance [89]. Although AZ series have demonstrated to
have lower corrosion rates than WE series [90], WE series have demonstrated to
promote superior biocompatibility in terms of genetic stability [91]. For these reasons,
the remainder of this work investigates properties surrounding WE43.
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3.3 Coating Technologies and Surface Modifica-

tions

To further tailor the degradation capabilities of Mg-based alloys, surface treatments
have been developed to counteract the fast corrosion nature of Mg as an alternative
to alloying and processing adjustments. A key challenge which hinders the use of
Mg-based implants in clinical application is their inherent rapid corrosion in bodily
fluids. As previously mentioned, generation of hydrogen gas due to rapid corrosion
is formed at a rate too quickly for local tissue to absorb. Approximately 1 gram of
pure Mg produces 1 litre of hydrogen gas [105]. This buildup of gas and uncontrolled
degradation hence compromises the implant’s integrity and the overall healing of
the fracture site. Therefore, coating technologies (or surface treatments) have been
developed to increase the corrosion resistance of Mg-based materials to address this
issue [106]. Uniformity, proper adherence, biocompatibility, and biodegradability are
requirements for a surface treatment or coating to be effective.

Coatings and surface treatments have been investigated as preventative measures
against severe corrosion intrinsic to Mg-based alloys [107, 108]. Two main coating
preparations with the aim to increase corrosion resistance are highlighted: conversion
coatings and deposited coatings. Conversion coatings consist of chemical or electro-
chemical reactions between the base material and the external environment. In
comparison, deposited coatings are coatings situated on the external of the substrate.
Depending on the coating preparation, an associated coating formation technique
must be employed.

One surface treatment, plasma electrolytic oxidation (PEO) is widely used due to
its ability to form porous, thin coatings in addition to high adhesion strength. Also
referred to as micro-arc oxidation, PEO is the most commercially available route in
the development of coatings for Mg-based alloys. The process involves subjecting a
metal substrate to an electrolytic bath while applying a high voltage, which leads
to the formation of a plasma discharge on the surface causing localised melting and
oxidation of the metal, resulting in the formation of a porous oxide layer [109].

PEO has successfully reduced corrosion rates in the past [110, 111, 112]. In
particular, PEO-coated WE43 materials have demonstrated to react less severely when
compared to non-coated counterparts [113]. In vivo investigations have revealed that
not only PEO-coated WE43 maintained lower corrosion rates, but also demonstrated
increased bone density and bone-implant contact area around implantation sites
in the frontal bone of adult miniature pigs [114]. In terms of cytocompatibility,
WE43 material treated with PEO has exhibited excellent capabilities [115]. Hartjen
et al. introduced primary human lymphocytes to their investigation to assess the
immunological response of coated and uncoated WE43. After three days of incubation,
90 % of the lymphocytes associated with the untreated WE43 were no longer viable.
In contrast, more than 80 % of cells were still active after incubation with the PEO-
coated material. In addition, an investigation led by Rendenbach et al. exhibited the
slowing of corrosion and improved osseointegration for PEO-coated implants [116].
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3.4 Bone Biology

To better assess the biocompatibility of an implant, or more specifically, the os-
seointegration capabilities of an implant, it is vital to consider the environment in
which the implants are being applied to, the skeletal system of the human body.
The human skeleton aids in a variety of roles required for our everyday living. The
main functions of the skeleton are to provide body support, protection of organs,
locomotion, storage of nutrients and energy, and to house haemopoeisis processes.
Besides cartilage, joints, ligaments, and tendons, bone is a key component of the
skeleton. Bones are the framework of the body and are distinct due to their hard yet
elastic properties. By weight, approximately 35 % of the bone matrix is comprised
of organic material (collagen) with the remainder being inorganic mineral (hydroxya-
patite). A hierarchical illustration of bone composition and structure is described in
Figure 3.3 [117].

Figure 3.3: Hierarchical structure of bones from the macro- to nanoscale. The
health and functionality of bones are fundamentally dependent on the structure
and composition of bone tissue across various scales. (Available under the Creative
Commons Attribution 4.0 International license)

Biological differences between using human bone and animal bone in medical
research are substantial, primarily due to variations in anatomy, physiology, and bone
properties. Animal bones, such as those from rabbits, pigs, sheep, and rodents, offer
controlled experimental settings which partialy replicates human physiology [118].
Rabbits, with larger bones, are often employed in orthopaedic and dental research,
while pigs provide bone structures more akin to humans, making them ideal for
orthopaedic and dental studies. Sheep are frequently used for studies involving bone
grafts and tissue engineering due to their bone size and physiological characteristics.
Though relevant for biocompatability testing of materials, rodents like mice and rats
are valuable for genetic studies but have limited translational relevance due to their
smaller size and distinct bone architecture.

The processes of bone formation (osteogenesis), and bone healing which encom-
passes bone remodelling, are intricate biological processes crucial for maintaining
skeletal integrity. Osteogenesis comprises two principal mechanisms, namely in-
tramembranous ossification and endochondral ossification. Intramembranous ossifi-
cation entails the differentiation of mesenchymal stem cells into osteoblasts, which
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directly contribute to bone formation. In contrast, endochondral ossification involves
the initial formation of a cartilaginous template that subsequently undergoes replace-
ment by bone tissue, orchestrated by the mineral-depositing activities of osteoblasts.
These processes of bone formation are highly regulated and finely tuned, ensuring
the continuous growth and renewal of the skeleton throughout an individual’s life.

Conversely, bone healing, an essential aspect of musculoskeletal physiology, repre-
sents a dynamic sequence of events set into motion in response to injuries or fractures.
It commences with the formation of a haematoma at the injury site, followed by
an inflammatory response that orchestrates the recruitment of specialised cells, in-
cluding osteoprogenitor cells and chondrocytes. These cellular participants, guided
by mechanical forces and signalling molecules, aim at restoring the compromised
bone or cartilage. This process encompasses key stages, including the formation of
a callus, a temporary structural reinforcement, followed by a phase of remodelling,
ultimately culminating in the complete restoration of the bone’s structural and
functional integrity. It is crucial to highlight that the speed and efficacy of bone
healing are contingent upon a multitude of factors, such as the precise location
and severity of the injury, the age and overall health status of the patient, and the
local micro-environment. An interplay of cellular responses and molecular signalling
pathways orchestrates the healing process, ensuring the adaptation of bone to its
changing mechanical requirements and repair of any structural damage incurred.

In addition to these fundamental aspects, the classification of bone based on its
level of maturity is a pivotal consideration in the study of skeletal biology. This
classification delineates bone into two distinct categories: immature, often referred
to as woven bone, and mature, known as lamellar bone. Immature bone, being the
initial form to develop during embryogenesis and following fractures, is characterised
by the presence of irregularly oriented collagen fibres, rendering it mechanically
weaker. In contrast, mature bone exhibits a regularity in the arrangement of collagen
fibres, conferring heightened mechanical strength and integrity.

Furthermore, mature bone differentiates into two primary structural types: com-
pact bone and cancellous bone. Compact bone, predominantly situated in the outer
layers of bones, assumes a dense and solid configuration, thus endowing it with
superior load-bearing capacity. On the other hand, cancellous bone, predominantly
located within the interior of bones, features a porous, lattice-like architecture that
facilitates metabolic processes, including bone remodelling and mineral homeostasis.

The prominent constituents among bone cells, osteocytes, contribute to bone
remodelling and repair. Osteocytes, in their capacity as main regulators of bone
homeostasis, play a fundamental role in orchestrating the balance between bone
resorption and formation. They exert their influence through the secretion of critical
signalling molecules such as RANKL [119], which serves as a potent regulator
of bone resorption, and WNT1 [120], a key factor responsible for governing bone
formation. This duality of action supports the versatility of osteocytes in the dynamic
maintenance of skeletal integrity.

To execute their functions, osteocytes are positioned within the bone matrix,
residing in specialised cavities known as lacunae. These lacunae are interconnected by
a network of dendritic channels referred to as canaliculi, which permit the exchange
of signalling molecules, nutrients, and waste products among osteocytes and with
their surrounding micro-environment. Recent investigations have also shed light on
the significance of canalicular junctions, which are presumed to play a substantial
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role in the processes governed by the lacuno-canalicular network (LCN) [121]. The
LCN serves as the structural backbone housing and interconnecting osteocytes,
facilitating their essential communication and coordination in the orchestration of
bone remodelling and repair processes (Figure 3.4).

Figure 3.4: 3D renderings of the LCN in sheep bone highlighting lacunae (yellow,
green, and pink colours are for visualisation purposes only) and the canaliculi (light
blue).

The LCN provides a framework in which osteocytes can exchange nutrients,
amplify biochemical signals, and interact with other bone cells [122]. To initiate
bone remodelling, osteocytes in the LCN generate signals in response to mechanical
stimuli or shear stress due to extracellular fluid flow. Local osteocytes transduce
bone tissue deformations into signals which are then transmitted and amplified by
the LCN, triggering the recruitment of osteoblasts and osteoclast precursor cells
[123]. In addition to these mechanosensory properties of osteocytes, the extracellular
fluid encapsulated in the LCN allows for mineral exchange with the extracellular
matrix [124].

To further analyse the structures of the LCN and the overall interaction of
biodegradable materials with the bone and the surrounding environment, biomedical
imaging technologies are necessary.
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Chapter 4

Background Part II: Imaging
Technologies

Within the framework of this chapter, we explore advanced medical imaging technolo-
gies, with a particular emphasis on the fundamental principles and image formation
mechanisms of X-ray imaging and magnetic resonance imaging (MRI). This chapter
further explores synchrotron radiation-based imaging techniques, offering insights
into their cutting-edge applications. Additionally, we investigate the challenges
posed by metallic implants within medical imaging and their implications. The
information presented in this chapter will serve as a starting point for later discussion
of clinical applications, technological advancements, and the impact of these imaging
technologies in the realm of medical diagnostics and healthcare.

4.1 X-ray Imaging

X-ray imaging can be traced back to the late 19th century. In 1895, German physicist
Wilhelm Röntgen noticed a fluorescent screen glowing as he was investigating the
radiation of a cathode-ray tube [125]. Röntgen concluded that the fluorescent screen
was being illuminated by the tube via a new type of ray, which were temporarily
named X-rays [126]. These rays described by Röntgen were capable of penetrating
tissue and creating an image on photographic plates, which revolutionised medical
imaging. X-ray imaging is a medical imaging technique that utilises X-rays, a form
of high-energy electromagnetic radiation, to create detailed images of the internal
structures of the human body. It is a non-invasive and commonly used diagnostic
tool in medicine for visualising bones, soft tissues, and organs, as well as detecting
and diagnosing a wide range of medical conditions. X-ray images are commonly used
for detecting fractures, assessing joint conditions, diagnosing lung and heart diseases,
and locating foreign objects within the body, among other applications.

4.1.1 Basic Principles of X-rays

X-rays are a form of electromagnetic waves and a form of radiation. The energy of
each X-ray photon is proportional to the frequency which can be described as:

E = hν =
hc

λ
(4.1)
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Where h is Planck’s constant (6.63 · 10-34 Js), ν is frequency, c is the speed of
light (3 · 108 m/s), and λ is the wavelength of the X-ray. In terms of placement along
the electromagnetic spectrum, which is arranged by frequency or wavelength, X-rays
fall between ultraviolet radiation and gamma radiation at 0.01 to 10 nm. X-rays are
produced via one of two ways: through bremsstrahlung or characteristic radiation.
Meaning “braking radiation” in German, bremsstrahlung is a form of radiation in
which high energy accelerated electrons slow down when deflected by another charged
particle due to atomic attraction and converts the amount of braking energy into
radiation. Due to various amounts of braking possible, radiation produced is diverse.
Secondly, X-rays may be produced via characteristic radiation. This form of radiation
is produced by the expulsion of orbital electrons by incoming electrons. Electrons
evicted in specific orbits produce a characteristic X-ray emission. An overview can
be seen in Figure 4.1.

Figure 4.1: X-rays may be produced by bombarding tungsten with electrons at the
anode in an X-ray tube. Electrons may lose energy and slow down which in turn
produces bremsstrahlung X-rays (left). Alternatively, electrons may knock out an
orbiting electron and an outer shell electron may fill the new vacancy. As the vacancy
is filled, a characteristic X-ray is emitted (right).

Determining the penetration of X-rays within living tissue is fundamental to
obtaining an image. The absorption of radiographic film is dependent on properties
of X-rays and the inherent characteristics of different bodily tissue. The further the
penetration of X-rays, the darker the blackening of film. Various intermediate greys
can be obtained if radiation is absorbed by the tissue. Therefore, complete absorption
of the X-rays results in a white image. Contrast is dependent on predominantly by the
following three factors: the chemical and density properties of targeted tissue, X-ray
energy, scattered radiation exposed to the film [127]. Mature bone tissue absorbs
most applied radiation, resulting in their appearance as white in radiographic films.
Conversely, soft tissues and gases allow for greater penetration, appearing dark grey
or black. Although chemical composition of tissue cannot be altered, the applied
X-ray energy and scattered radiation can be adjusted to alter contrast capabilities
and ultimately the final image.
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4.1.2 Image Formation

Though there are various ways to generate X-rays, we will describe the overall
scanning procedure starting from the most commonly used source, the X-ray tube,
for simplicity. A typical schematic representation of a scanning procedure can be
seen in Figure 4.2. An X-ray tube contains a cathode and anode within an evacuated
enclosure. The cathode is connected to a voltage generator and is heated via the
Joule effect. As the temperature of the cathode increases, the kinetic energy of the
electrons in an attached tungsten filament also increases. When the kinetic energy
of the electrons overcome the binding energy of the electrons to the atoms in the
filament, electrons are emitted via the thermionic effect. The electrons are then
accelerated towards the target anode and characteristic X-rays or bremsstrahlung
X-rays are generated. A less than common interaction may also occur if an electron
may directly interact with the nucleus of an anode atom. In this case, a maximum
energy is transferred from the electron into bremsstrahlung. Overall radiation of the
X-rays is influenced greatly by factors such as acceleration voltage, tube current,
filtration, and the material and angle of the anode. Consequently, these factors
ultimately directly impact the attenuation of the X-rays of the object.

Figure 4.2: A scanning procedure typically consists of x-ray generation, where then
after the x-rays are attenuated by the subject. The x-rays which pass through the
subject are then detected and converted into signals which are further processed into
a final image.

As the X-rays pass through an object, the intensity of the beam diminishes
exponentially through a process called attenuation. Attenuation can be described by
four basic interactions: the photoelectric effect, Compton (incoherent) scattering,
Rayleigh/Thomson (coherent) scattering, and pair production.

The photoelectric effect states that if an incident photon maintains a higher
energy than the binding energy of the atomic electrons of the target sample, an
electron from a lower shell may be freed by the photon energy. Moreover, the incident
photon provides a transfer additional kinetic energy to the freed electron, sometimes
called the photoelectron.

When the photons of the emitted X-rays begin to lose energy and alter their
direction due to the interaction with atomic electrons, Compton scattering occurs.
Compton scattering occurs when the travelling photon has exceedingly higher energy
than the electron binding energy. As opposed to photon absorption in the photoelec-
tric effect, the greatly energised photon continues to travel with a lower energy or
shifted wavelength in a deflected direction. The ejected electron which carries energy
of the incident photon is called the Compton electron.

Rayleigh (coherent) scattering occurs when atomic electrons are targeted by
low-energy photons. In this case, photons interact with local electrons found in their
subsequent oscillating electric field which consequently scatter. As such, this elastic
effect differs from Compton scattering since no energy transfer or ionisation occurs.
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As a result, only the direction of the X-ray changes.
Overall, the sum of the four contributing factors of attenuation determines the

total attenuation of the X-rays in the target sample. As the X-ray beam travels
through the target sample, the intensity decreases exponentially following the Beer-
Lambert law of attenuation:

I(x) = I0e
−µx (4.2)

Where µ is the total attenuation coefficient, x is the distance travelled or thickness
of the material, I0 is the incident X-ray intensity, and I is the final intensity. However,
the Beer-Lambert law in this form assumes a uniform material and monochromatic
X-ray beam, which in practicality is not the case. Therefor, a varying attenuation
coefficient must be accounted for by utilising the supplemented equation:

I(x) = I0e
−

∫ L
0 µ(x)dx (4.3)

Where the line integral along a path L where µ varies is incorporated. To
adapt the equation further to consider non-monochromatic X-ray beam spectra, the
equation can be modified to

I(x) = I0e
−

∫ L
0 µ(E,x)dxdE (4.4)

Where E is the energy of the X-rays. In practice, the equation incorporating
the non-uniform µ is considered. Subsequently, the non-uniform µ results in beam
hardening artefacts.

As the X-rays interact with the sample, the attenuated X-rays are captured by
a detector. The detector converts the X-ray beam into electrical signals via gas
ionisation or scintillation. Gas ionisation conversion directly converts the X-ray into
electrical signals whereas scintillation must convert the X-rays into visible light prior
to final conversion into electrical energy. This electrical energy, or signals, are further
converted into binary code information. In the case of radiography, the binary code
information represents the attenuation coefficient of the material. This information
can then be translated to a discrete value representing a brightness value, which can
further be represented in a pixel of the final image. Moreover, image filtering such
as noise suppression, smoothing, or edge enhancement can further be applied to the
image or set of pixels to further process the image.

Computed Tomography

Computed Tomography (CT) is closely related to X-ray imaging, as it is built upon
the fundamental principles of X-ray technology. Both methods involve the use of
X-rays to visualise the internal structures of the human body. However, the key
distinction lies in how they capture and present these images.

In medical X-ray imaging, a stationary X-ray source emits a beam of X-rays that
passes through the body and is detected on the other side. The resulting image
is a two-dimensional projection that shows the superimposed structures along the
X-ray path. This technique is valuable for visualising dense structures like bones
but lacks the ability to distinguish between soft tissues effectively. In contrast,
CT combines a rotating X-ray source and a detector array to capture multiple
X-ray images from various angles as they pass through the body. A computer then
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Figure 4.3: Example of CT imaging setup including X-ray source and beam, detectors,
and motorised patient table.

processes this data to reconstruct cross-sectional images, or ”slices”, of the scanned
area. These slices can be stacked together to form a detailed three-dimensional
representation through a process called reconstruction, offering superior spatial
resolution and tissue differentiation compared to conventional X-ray imaging. CT
image reconstruction is a mathematical procedure that produces tomographic images
from X-ray projection data obtained at various angles around the patient. This
intricate layering of images enables healthcare professionals to visualise internal
structures with remarkable clarity, making CT an essential tool for diagnosing a wide
range of medical conditions, including cancer, trauma, and vascular diseases. An
example of a CT setup is seen in Figure 4.3. Imaging methodologies scaled at higher
complexity exist where X-ray generation and contrast development differ from what
has been discussed previously.

Imaging Contrast

To further enhance details captured of materials with subtle differences in attenuation,
phase contrast can be applied. Phase-contrast X-ray imaging is an advanced X-ray
imaging technique that goes beyond traditional X-ray methods, primarily used for
visualizing the density of tissues, bones, and other anatomical structures. One
method developed by Frits Zernike in 1934 [128], enhances the visualization of soft
tissues by taking advantage of the phase shift that X-rays undergo as they pass
through different materials. Unlike conventional X-ray imaging, which relies on the
absorption of X-rays, phase-contrast imaging primarily focuses on the changes in the
phase of X-rays as they interact with tissues.

Moreover, contrast agents may be administered to emphasize vasculature before
and after intravenous injection. Contrast agents can be chemically functionalised
(for example, with antibodies) to specifically target molecules of certain cells and
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tissue [129]. Other X-ray imaging techniques such as X-ray fluorescence for the use
of non-invasive elemental analysis or Dual-energy X-ray imaging [130] are frequently
used today but is out of the scope of this work.

Though clinical X-ray imaging presents us the capability to see the internal human
body, the imaging technique does not come without patient safety risk. X-ray imaging
involves exposure to ionising radiation which may damage the molecules found in
body tissue. Biological damage due to radiation can be described as either stochastic
or non-stochastic [131]. Stochastic effects are “all-or-nothing” effects which injure the
DNA found in a cell, which may lead to an increased risk of cancer. Stochastic effects
increase with X-ray exposure. Unlike stochastic effects, non-stochastic (deterministic)
effects are dose-dependent which may include vomiting, diarrhoea, lung fibrosis,
skin burns, thyroiditis, cataracts, and suppression of ovulation or sperm count [132].
As the awareness of X-ray radiation and the corresponding danger grows, safety
precautions are put in place to protect both the patients and medical professionals.
Advancements in imaging technology and safety protocols have led to a significant
reduction in radiation exposure during X-ray imaging in recent years [133, 134].
For this reason, synchrotron-radiation sourced imaging is incompatible with clinical
imaging.

4.1.3 Synchrotron Radiation-based Imaging

In addition to X-ray tubes, synchrotrons are utilized for generating X-ray radiation in
large-scale for basic science research. Synchrotron facilities employ bending magnets
or insertion devices to manipulate the trajectory of either electrons or positrons
[135]. The resultant X-rays exhibit notable characteristics, including high collimation,
monochromaticity (single energy), and high photon density, thereby significantly
enhancing their imaging capabilities. While unsuitable for most clinical applications,
these generated X-rays are precisely directed towards distinct beamlines tailored
for diverse types of experiments. The distinct advantage of utilizing such particle
accelerators lies in their capacity to produce tightly focused, monochromatic beams
that are exceptionally coherent, brilliant, and readily tunable. Furthermore, these
configurations offer superior image quality with expedited acquisition times. However,
it should be noted that synchrotrons necessitate a substantial physical footprint,
often spanning hundreds of meters or even kilometers in setup dimensions.

X-ray generation via synchrotron radiation enables nano tomographic three-
dimensional imaging such as near field X-ray holography, ptychography, and trans-
mission X-ray microscopy (TXM) [136]. These modalities are able to obtain approx-
imately 50 nm in resolution, surpassing typical clinical CTs of 1-2 mm. Though
these imaging methods provide similar resolution, TXM requires significantly less
computational time for reconstruction of a 3D tomogram [137]. TXM can either be
employed in scanning or full-field mode. In scanning mode, X-rays are focused onto a
point via optical systems and is scanned for multiple points along the sample. In this
mode, X-ray diffraction measurements may simultaneously take place. In contrast,
full-field mode illuminates the whole sample at once and results in shorter imaging
times. An example of a full field synchrotron-based TXM setup can be seen in Figure
4.4 [138]. X-rays are prepared and shaped with optics prior to illumination of the
sample and are then focused onto the detector via a Fresnel zone plate. Zernike
phase rings are added behind the zone plate to enable phase contrast prior to the
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final rays being captured by a detector (camera).

Figure 4.4: Example of TXM schematic of Zernike phase contrast setup.

While X-ray imaging excels in providing contrast for bone structures, magnetic
resonance imaging (MRI) has established itself as the gold standard for distinguishing
and visualizing soft tissue. Additionally, MRI offers the notable advantage of non-
ionizing radiation-based imaging.

4.2 Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) was first proposed by Paul C. Lauterbur in
1973 when he published images of the nuclear magnetic resonance response of glass
capillaries filled with water [139]. Since then, MRI technology has rapidly evolved,
with advancements in imaging speed, resolution, and the development of various
specialised MRI techniques for diagnosing a wide range of medical conditions, making
it a crucial tool in modern healthcare and medical research.

There are several different types of MRI techniques which are tailored to pro-
vide specific information not only about body tissue, but also about function. T1

(longitudinal relaxation time)-weighted imaging is often employed in brain and mus-
culoskeletal imaging by distinguishing different tissues based on their relaxation times
[140, 141]. T2 (transverse relaxation time)-weighted imaging highlights differences in
the water content in tissue which may be utilised for detecting oedema or fluid-filled
cyst abnormalities [142]. Diffusion-weighted MRI measures water movement within
tissues which aids in the detection of stroke or tumours [143]. Functional MRI (fMRI)
detects changes in blood flow and oxygenation levels in the brain, enabling brain
mapping activities and research in cognition and neurological disorders [144]. Other
popular techniques include magnetic resonance angiography [145], perfusion-weighted
MRI [146], and Dixon MRI [147].

4.2.1 Basic Principles of MRI

The foundation of MRI is based on the nuclear spin of atoms. Nuclear spin is
classically defined as the rotation of the nucleus about an axis at a fixed rate [148].
Discrete values for nuclear spin are quantified as zero, half-integer, or integer which

32



depend on the atomic weight and atomic number. Nuclei with no spin have both an
atomic weight and atomic number which is even and does not interact with external
magnetic fields, rendering these nuclei incompatible with MRI studies. Therefore,
nuclei with non-zero spin can be studied with MR techniques. The 1H nucleus for
example, is an ideal candidate for MRI studies as it is the most abundant isotope of
hydrogen and is found in the human body within fat and water.

Nuclear magnetic resonance (NMR) is inherently a quantum mechanical phe-
nomenon, involving rigorous maths and laws of quantum mechanics. However, most
MR can be described using themes of classical mechanics since the collective be-
haviour of nuclei resembles a familiar scenario: a spinning top interacting with a
magnetic field. Therefore, the subsequent content within this work will continue
to discuss MR phenomena utilising classical mechanics. The reader is encouraged
to explore further text describing quantum behaviour of nuclei in MRI for further
details [149].

As the positively charged nucleus rotates at a fixed rate, a constant local magnetic
field or magnetic moment is induced parallel to the axis of rotation. The magnetic
moment, analogous to a bar magnet, therefor defines a magnitude and orientation of
the magnetic field. The basis of MR signals can then be established as the orientation
of the nuclear spin may be externally affected. In terms of MR measurements, data is
observed on the collection of spins, rather than individual spin. An arbitrary volume
of tissue without external magnetisation will have a vector sum of zero since the
entire selection of protons are randomly oriented. Conversely, in the presence of an
external magnetic field B0, the individual protons begin to rotate perpendicular to
the magnetic field. This rotation, also known as precession, is constant and tilted
slightly away from the axis of B0 (Figure 4.5).

Figure 4.5: Positively charged nucleus (green) rotating at a fixed rate in Cartesian
coordinates.

The rate of precession is proportional to the magnetic field strength and can be
described as:

ω0 = γB0 (4.5)

Where w0 is the Lamor frequency (MHz), B0 is the applied magnetic field
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strength, and γ is the gyromagnetic ratio unique to the nuclei. The gyromagnetic
ratio of a particle or system is the ratio of its magnetic moment to its angular
momentum. Though B0 creates a non-zero net magnetisation along the z-direction,
the spin orientations are still randomly distributed along the x-y plane, resulting
in the absence of a net magnetisation along the x-y directions. In comparison, the
magnetisation along B0 exists due to the coupling between the protons and B0,
known as the Zeeman interaction. This coupling causes the z-component of the
magnetisation to be either parallel to B0, or anti-parallel against B0, which results
in a difference of energy between the two orientations. The difference leads to a
slightly positive z-value, or net magnetisation M, which does not vary with time
(Figure 4.6).

Figure 4.6: Randomly oriented spins (left) align along the main magnetic field or
against the main magnetic field (antiparallel). As a result, a net difference between
spins along or against the main magnetic field lead to a positive net magnetisation,
M (right).

To further provide a basis of image contrast within MRI, radio frequency excitation
must be understood as means of energy transfer. To manipulate M, a pulse of radio-
frequency (RF) energy can be applied. This excitation pulse typically is composed of
narrow bandwidth of frequencies originated around a central frequency. The specific
absorbed frequency is dependent on the applied magnetic field, B0. Subsequently as
the RF transmitter is shut off, the protons re-emit the energy at that same frequency.
When a proton absorbs the energy, it is excited from lower energy orientations to
higher ones. In parallel, protons in the higher energy level are stimulated to release
energy and shift towards a lower energy level. The energy difference, ∆E, between
the upper and lower levels is proportional to the frequency:

∆E = hω0 = hγB0 (4.6)

Where h is Planck’s constant (6.626 · 10-34 Js). It is only at this energy where
transitions can be completed between spin-up and spin-down energy levels.

The process in which protons release absorbed energy from the RF pulse is called
relaxation. Relaxation provides the fundamental mechanism for image contrast
and describes the act in which protons return to their original configuration after
excitation. Relaxation is time-dependent and is described by the corresponding
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relaxation times: T1 and T2. Though both types of relaxation times measure the
emitted energy transfer of an irradiated proton, they differ in how the energy is
dissipated.

T1 relaxation time (also known as spin-lattice relaxation or longitudinal relaxation
time) is defined as the time required for the z-component of the net magnetisation
M to return to 63% of its original value proceeding an excitation pulse. If a 90°
excitation pulse is absorbed by the sample, M will rotate onto the x-y plane and
reduce longitudinal magnetisation. As time persists, the longitudinal magnetisation
will return as the protons release energy with the following exponential growth:

M(τ) = M0(1− e
− τ
T1 ) (4.7)

Where τ is the time after the RF pulse. T1 relaxation times are relatively
slow (miliseconds to seconds) with a 95% return value of original M0 after 3 T1.
Spin-lattice relaxation refers to the energised proton (spin) releases its energy to
its surroundings (lattice) which maintain molecular motion with the same resonant
frequency.

T2 relaxation time (also known as spin-spin relaxation or transverse relaxation
time) is the time required for the transverse component (or component along the x-y
plane) to decay to 37% of its initial value. After a 90° pulse causes M0 to flip onto
the x-y plane, complete coherence is in the transverse plane. As time continues, the
coherence diminishes, and the protons reorient along B0. As coherence is decreased,
the transverse component of M0 decreases to 0. T2 or T2* relaxation describes this
very process. At the end of a 90° pulse, the protons which absorbed the energy to
orient M0 in the x-y plane, precess at the same frequency and are synchronised.
Since protons in the same vicinity will have the same frequency, energy is easily
transferred between neighbouring protons. Spin-spin relaxation refers to this energy
transfer, differing from energy transfer to the environment as seen in T1 relaxation.
The dephasing T2 is always less than or equal to T1. The total transverse relaxation
time (T2*) is defined as

1

T 2
∗ =

1

T 2

+
1

T 2M

+
1

T 2MS

(4.8)

Where T2M is the dephasing time due to main field inhomogeneities and T2MS is
the dephasing time due to magnetic susceptibility differences. T2* is particularly
sensitive to magnetic field inhomogeneities, which are exacerbated by the presence of
metallic implants that may require refocusing. The transverse magnetisation decays
after a 90° pulse:

MXY (t) = MXYmaxe
− t
T2

∗
(4.9)

Where MXYmax is the maximum transverse magnetisation following the excitation
pulse. It is important to note that a difference between T1 and T2 relaxation is
the amount of B0 influence. T1 is sensitive to B0, where longer T1 is measured for
tissue at higher B0. It is only when B0 is less than 0.05 T where significant changes
can be noticed in T2. T2*, T2M, and T2MS become greater at higher B0. Therefor,
T2-weighted images will have little sensitivity to B0, while T2*-weighted images will
show variations at higher B0.
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Following the foundational concepts of magnetisation vectors, precession, and
relaxation times, we introduce the mathematical framework that governs the dy-
namics of NMR. The Bloch equations, named after physicist Felix Bloch, provide
a comprehensive description of how the magnetisation vector evolves under the
influence of an external magnetic field and intrinsic relaxation processes.

The Bloch equations are pivotal in understanding the behaviour of nuclear spins
in a magnetic field, encapsulating both the precessional motion and the relaxation
mechanisms. These equations are expressed as a set of coupled differential equations
that account for the longitudinal and transverse components of magnetisation:

dMx(t)

dt
= γ(M (t)×B(t))x −

Mx(t)

T2
(4.10)

dMy(t)

dt
= γ(M(t)×B(t))y −

My(t)

T2
(4.11)

dMz(t)

dt
= γ(M (t)×B(t))z −

Mz(t)−M0

T1
(4.12)

where M is the nuclear magneization, B is the magnetic field experienced by the
nuclei and M0 is the steady state nuclear magnetization in the z direction.

By integrating the Bloch equations, we can predict the time-dependent behaviour
of the magnetisation vector, which is essential for the accurate interpretation of
MRI signals. This mathematical model not only enhances our understanding of the
underlying physics but also informs the development of advanced imaging techniques
and sequences.

System Components

An MRI machine comprises of several main system components which work together
to provide meaningful and highly detailed images. A main magnet is the core
component of the MRI machine which generates a strong, static magnetic field which
can range from 1.5 T to ultrahigh fields such as 7 T. The main magnet ensures that
the hydrogen nuclei within the patient’s body is aligned along the static magnetic
field. Gradient coils are additional electromagnetic coils that create varying magnetic
field gradients within the main magnetic field. The field variations caused by the
gradient coils are essential for spatial encoding. Moreover, radio-frequency or RF
coils are used for the transmission of RF pulses into the patient’s body and receiving
the returning signals. MRI machines may have multiple types of RF coils for different
applications. For example, body coils are used for larger anatomical areas such as
the abdomen, while specialised surface coils may be used for areas of smaller interest
such as the head. A patient table is also required to place the patient in and out of
the magnetic bore of the MRI.

A powerful computer system is involved for data acquisition, image reconstruction,
and processing. This system is found in the operator console, where a technologist
or radiologist may control and monitor the scan. Here, imaging sequences can be
selected, and parameters may be adjusted. The operator console also allows the user
to communicate with the patient. Other components include shielding and safety
features, a cooling system for the magnets, gradient amplifiers, and other patient
monitoring equipment which are MR compatible may also be utilised.
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4.2.2 Image Formation

The first step required in producing an image (Figure 4.7) is to select the region of
interest. Localisation is achieved by frequency-selective excitation and by applying a
slice selection gradient, GSS, altering the precession of the protons along the gradient.
The direction of the gradient is used to select the slice orientation. For further
localisation, the frequency-selective pulse in combination with the amplitude of the
slice selection gradient determine the slice thickness and slice position. When the
selective pulse is applied in the presence of GSS, a local region of tissue achieves
a resonance condition matching the central frequency (and narrow bandwidth) of
the pulse. Multi-slice imaging is achieved by varying the central frequency of the
excitation pulse, thereby exciting different regions of tissue.

Figure 4.7: The image formation process in MRI begins with selecting a slice from the
volume of interest. To capture elements of this slice, frequency and phase encoding
occurs prior to a signal readout. The signals are then processed to form the final
image.

Once the selected area is excited, signal detection from released energy is required.
Frequency encoding (also known as readout) requires the use of a readout gradient
(GRO) to provide spatial dimensions of an image. Following the GSS, the GRO is
applied to precess the selected protons at different frequencies, dependent on the
location within the gradient. The frequencies are superimposed into the echo to be
measured by a receiver coil for further processing. Information regarding the third
direction is captured via phase encoding. The phase encoding gradient, GPE, is used
to increase or decrease the precession along the third direction. Once the GPE is
removed, the protons return to their original frequency with a difference in phase.

As the echo is measured by the receiver coil, the signal is digitised as a function
of time in both real and imaginary values. The complex data is stored in an array
where the detected signal amplitudes correspond to a row, indexed by GPE. The
raw data matrix is therefor composed of frequency encoding direction along the
horizontal, and phase encoding along the vertical.

To convert the raw data into image data, a mathematical transformation must be
completed. K-space in MRI is a data collection process that involves systematically
sampling the magnetic signals emitted by the body during an imaging scan [150].
Each point in k-space represents a different frequency and phase of the magnetic
signals. Once all the necessary data points are collected, complex mathematical
transformations, such as Fourier transformation, are applied to rearrange and combine
this data into a final image. This process allows MRI scanners to produce high-quality
images of the body’s internal structures, with different points in k-space contributing
to different features and details in the resulting image.
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4.2.3 Imaging Medical Implants

Medical implants can exert a substantial impact on MRI due to their potential
interactions with the robust magnetic fields and radio-frequency pulses employed in
the MRI imaging procedure. Metallic implants, such as pacemakers, joint prostheses,
or surgical clips, can distort the magnetic field, causing image artefacts and potentially
damaging the implant or surrounding tissues due to heating effects. Additionally,
some implants can limit the visibility of nearby tissues or structures in the MRI
images. Patients with implants should inform their healthcare providers and MRI
technologists about their implants before undergoing an MRI, as special protocols
and precautions may be necessary to ensure the safety of both the patient and the
quality of the imaging study. In some cases, patients with certain types of implants
may be advised not to undergo MRI, or alternative imaging modalities like CT scans
may be recommended.

Magnetic Susceptibility

Metallic implants typically consist of materials characterised by a notable degree of
magnetic susceptibility χ. Magnetic susceptibility quantifies the extent to which a
material becomes magnetised when subjected to an external magnetic field [151]. It
serves as a basis for classifying materials based on their responsiveness to such fields. A
diamagnetic response (χ<0) is inherent to all materials due to the presence of electrons
orbiting atomic nuclei, albeit it is generally weak, resulting in a subtle repulsive
force. This response predominates in the case of most materials, including biological
tissues. A paramagnetic response (χ>0) is more pronounced than diamagnetism but
remains relatively feeble. This response emerges in molecules containing unpaired
electrons that may align themselves under the influence of an external magnetic
field, generating modest attractive forces. More importantly, certain metals exhibit
ferromagnetic responses (χ�0), where atomic alignment yields a robust attractive
force. Ferromagnetic materials retain permanent residual magnetisation even upon
removal from an external magnetic field. When placed within the strong and uniform
magnetic field of an MRI machine, ferromagnetic materials can experience significant
attraction forces and may be drawn into the magnet bore with great force. This poses
several potential hazards in an MRI environment. The movement of ferromagnetic
objects toward the MRI magnet can endanger patients and medical staff, as these
objects can become projectiles if they are not securely anchored. Consequently,
materials with ferromagnetic characteristics demand strict exclusion from MRI
scanning environments for safety considerations.

Artefact Production

The presence of metallic implants may give rise to image distortion artefacts, com-
monly referred to as susceptibility artefacts. These artefacts emerge due to the
intrinsic magnetic susceptibilities associated with metallic materials, resulting in
localised perturbations of the magnetic field within the imaging region. Consequently,
these alterations in the resonance frequency lead to pixel misalignment, resulting
in notable geometric distortions, which may manifest as signal attenuation or voids
(appearing as dark regions within the image) and signal enhancements (manifesting
as bright regions within the image). These distortions are primarily a consequence
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of disruptions in the static magnetic field and are intrinsically linked to the specific
material properties of the implant. While numerous techniques have been devised to
reduce artefact manifestations such as SEMAC and MAVERIC [152, 153, 154, 155],
it is pertinent to note that complete elimination of metallic artefacts remains an
unattained objective in MRI imaging.

Implant Heating

Medical implants introduce notable challenges, potentially leading to radio-frequency
(RF) interference concerns within the context of MRI. Implant-related heating
issues can arise due to exposure to two distinct time-varying fields intrinsic to MRI:
RF field transmission (B1

+) induced heating and heating stemming from switched
magnetic field gradients (BG) [156]. MRI operations entail the utilisation of radio-
frequency (RF) power transmission to facilitate signal and image generation, where
B1

+ generated by a transmit RF coil serves as a key component for spin excitation,
characterised by base frequencies in the megahertz (MHz) range. Meanwhile, spatial
encoding, integral to MR image generation, relies on switched magnetic field gradients
(BG), characterised by frequencies in the kilohertz (kHz) range [157]. In accordance
with Faraday’s law, time-varying magnetic fields inherently yield electric fields (E-
fields), which, in turn, prompt the generation of eddy currents. These induced
eddy currents have the potential to deposit power within implants, subsequently
creating secondary electromagnetic (EM) fields surrounding the implant. This
phenomenon may give rise to tissue heating concerns, with the extent of RF power
deposition-induced heating and heating induced by switched magnetic field gradients
varying depending upon factors such as material composition, shape, spatial location,
orientation, and degradation state of the conductive implant [158].

The geometry of orthopaedic screws presents a significant concern regarding
RF heating. The specific absorption rate (SAR) quantifies the averaged RF power
absorbed per unit of exposed mass over time [156]. SAR, in turn, is contingent
upon tissue properties and MRI hardware characteristics. The surrounding tissue
contributes attributes such as electrical conductivity and mass density, while the
imaging hardware governs the E-field. To limit heating and mitigate high SAR values,
adjustments have been made to MRI techniques and protocols. These modifications
involve reducing the power of RF excitation pulses and extending the repetition time
between such pulses. Noteworthy advancements in MRI hardware and methodologies
aimed at reducing RF-induced implant heating have been reported extensively [159].
Pioneering strategies encompass the alteration of RF transmission fields through the
utilisation of RF arrays and parallel transmission techniques featuring maximum
and null current modes [160, 161].

The eddy currents generated in response to the effective transmission field B1
+

exhibit a ”skin effect” phenomenon, a fundamental principle in electrodynamics,
which confines these currents to the metal’s surface. While the heating of small
implants like screws may be minimal, the secondary E-field induced by these eddy
currents can pose risks at critical locations along the implant [156]. The primary
contributor to RF-induced heating arises from RF currents indirectly induced in
adjacent tissue by this secondary E-field. Additionally, slender structures such as
thin wires, screws, and other one-dimensional geometries may be susceptible to the
”antenna effect”, leading to heightened heating. This phenomenon manifests as
intensity peaks when the implant length aligns with one-quarter to one-half of the
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RF wavelength within the surrounding tissue [162]. Consequently, increased heating
tendencies are observed for such thin geometries, particularly pronounced at the tip
ends of the implant.

The amount of information on how non-traditional implants behave in the MRI
environment falls short compared to the numerous accounts of traditional metallic
implants. The following chapter aims at filling this gap to provide how MRI has
been used in Mg-based implant investigations.
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Chapter 5

The current performance of
biodegradable magnesium-based
implants in magnetic resonance
imaging: A review

This study presents a comprehensive review of the existing body of literature con-
cerning the application of Magnetic Resonance Imaging (MRI) for the analysis of
Mg-based implants. The investigation initiates with an introduction to Mg as a bio-
material and fundamental MRI principles, establishing a foundational understanding
for the reader. The primary objective of this review is to assess the performance of
Mg-based implants in the context of MRI analyses. Furthermore, this work under-
takes a comparative evaluation of Mg-based materials against conventional implant
materials, with the aim of confirming their potential suitability for clinical use. To
achieve this, an extensive survey of current literature utilising MRI for the analysis
of Mg-based implants was conducted, with specific attention to details regarding
image artefacts. Among the multitude of studies examined, nine were selected based
on predefined inclusive criteria, with four of them explicitly addressing the issue of
image artefacts. The findings from this review affirm the successful use of MRI in
analysing the soft tissue and blood vessel environment surrounding Mg-based mate-
rials. Importantly, it was observed that Mg-based materials exhibited fewer image
artefacts when compared to alternative materials in various investigations. These
favourable outcomes lend support to the viability of Mg-based materials for clinical
utilisation, supplemented by their compatibility with MRI visualisation techniques.

The results have been published in the journal Bioactive Materials and has been
reproduced with permission.
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A B S T R A C T   

Magnesium-based implants are re-emerging as a substantial amendment to standard orthopaedic implants. A 
brief introduction of magnesium (Mg) as a biodegradable material and basic magnetic resonance imaging (MRI) 
principles are discussed. This review aims to highlight the current performance of these implants during ex
aminations with MRI. We also aim to summarise comparisons between Mg-based implants with current standards 
to emphasise the promotion of biodegradable implants in clinical practice. A comprehensive search of current 
literature on Mg-based implants and the utilisation of MRI in the studies was performed. Additionally, recorded 
artefact behaviour of Mg-based implants during MRI was investigated. A total of nine studies were included in 
which MRI was employed to image Mg-based implants. Of those studies, four of the nine discuss artefact pro
duction caused by the implants. MRI successfully imaged regions of interest over all and produced fewer artefacts 
than other materials used in the studies. MRI was employed in contrast angiography, bone growth observation, 
bone infection healing, and blood perfusion. Imaging capabilities of an implant material are vital to translating 
products into clinical application. Positive findings presented in this review suggest and support the use of Mg- 
based implants due to their successful visual compatibility with MRI techniques.   

1. Introduction 

Research in magnetic resonance imaging (MRI) has seen a strong 
increase in growth over the past decade. The recent advancements are 
warranted by the ability of the modality to provide excellent soft tissue 
contrast at high resolution. Additionally, MRI extends past other imag
ing methods by allowing for functional imaging. Metabolic functions 
such as tissue oxygenation, flow, diffusion, and perfusion can be 
visualised in MRI [1]. Although other imaging modalities like computed 
tomography provide detail on bone condition, MRI provides information 
on surrounding organs, vascular networks, and soft tissue around the 
implant. Long-term effects are also considered negligible since the mo
dality does not administer any ionising radiation [2]. These assets of 
MRI make the imaging method favourable in various pre-clinical and 
clinical settings. 

In parallel, significant strides have been accomplished in the area of 
medical implants. Constant development in the field of material science 
and engineering have allowed for the possibility to introduce implants 
into human medical applications. To date, medical implants have been 

employed in neural, sensory, and spinal environments. Medical implants 
have functioned as organ stimulation devices as well as tools for 
cosmetic and dental purposes. Structural implants in the form of stents, 
braces, rods, heart valves, bones, pins, hip prosthesis, eye, ear, skull 
implants and knee replacements have also been designed [3]. For a 
medical device to be successfully implanted, the biocompatibility of the 
material must be ensured. Previously, metallic implants based on tita
nium (Ti), stainless steel (SS), and cobalt-chromium alloys have domi
nated the market as orthopaedic implant material. However, magnesium 
(Mg) has recently been reintroduced as an appropriate alternative due to 
its special properties. 

The first documented use of Mg in the clinical setting dates to 1878. 
Edward C. Huse, a physician, successfully implemented Mg wires as 
blood vessel ligatures [4]. Unfortunately, fast corrosion led to the early 
abandonment of the biomaterial. Early investigations had shown pure 
magnesium falling short due to fast corrosion and poor mechanical 
integrity [5]. Not until later was this main issue addressed by the cre
ation of Mg-based alloys to control the problematic characteristic. To 
solve this, alloying elements have been introduced to increase corrosion 

Peer review under responsibility of KeAi Communications Co., Ltd. 
* Corresponding author. 

E-mail address: espiritu@syntellix.com (J. Espiritu).  

Contents lists available at ScienceDirect 

Bioactive Materials 

journal homepage: www.sciencedirect.com/journal/bioactive-materials 

https://doi.org/10.1016/j.bioactmat.2021.04.012 
Received 26 October 2020; Received in revised form 24 March 2021; Accepted 12 April 2021   

42



Bioactive Materials 6 (2021) 4360–4367

4361

resistance and strengthen material matrix [6]. Such elements include 
calcium, zinc, manganese, strontium, tin, and silver have been chosen to 
improve corrosion resistance and material strength [7]. Mg binary alloys 
have been investigated but resulted in poor yield strength and high 
corrosion rates [8]. Instead, results from binary alloys have been utilised 
to develop multi-elemental alloys such as AZ31 [9], AZ91 [10], AM60 
[11], LAE442 [12], and WE43 [13]. Notably, Mg-RE-based alloys 
exhibit good corrosion performance and high strength [8]. 

Currently, Mg and Mg-based alloys hold many benefits as an implant 
material option. The ability to safely degrade in-vivo as a load-bearing 
implant is arguably the most attractive property of the material [14]. 
As a biomaterial, Mg alloys more similarly align with natural bone than 
other alternatives. The elastic modulus of Mg alloys (45 GPa) matches 
relatively closer to that of bone, 3–20 GPa, unlike Ti alloys and SS (110 
and 200 GPa, respectively). Additionally, Mg alloys surpass Ti alloys and 
SS by closely matching human cortical bone density. The similar elastic 
modulus and densities of Mg alloys and natural bone help prevent 
negative mechanical defects such as stress-shielding [15]. 

Not only does Mg appropriately fulfil mechanical stability, but Mg 
alloys also possess good biocompatibility in terms of Williams definition 
[16]. Already found in abundance in the human body, Mg is a key 
element utilised in metabolic processes. Mg is reported to stimulate the 
growth of bone cells and accelerates the healing of bone tissue [17]. 
Excess Mg cations, a corrosion product of Mg alloys, do not present risk 
to the body as it is eliminated in urine [18]. As mentioned previously, 
the ability of Mg to degrade in a physiological environment is a partic
ular advantage that is unique to the material. Permanent orthopaedic 
implants which remain in the body have shown to cause inflammatory 
responses [19,20] as well as further refracture risk [21]. These bodily 
responses and mechanical failures suggest that temporary solutions be 
investigated. With the degradation capability of Mg, the need for sec
ondary surgeries to remove the implant is eliminated. Although able to 
degrade, iron- [22] and polymer-based [23] degradable materials pose 
as inferior to Mg alloys as they do not stimulate bone growth and poorly 
match the mechanical properties of bone. Therefore, Mg-based implants 
present as a biocompatible, biodegradable, lightweight, load-bearing 
orthopaedic option. 

To gain market footing and wider usage as an alternative implant 
material, medical imaging compatibility must be ensured for successful 
clinical translation of Mg-based implants. MRI offers the ability to 
observe soft tissue surrounding Mg-implants as they degrade during 
patient healing, an essential aspect for physicians. The aim of this review 
is to highlight and evaluate the current performance and application of 
Mg-based implants in the MRI environment. 

1.1. Basic MRI principles 

Magnetic resonance imaging (MRI) makes use of the magnetic 
properties of certain atomic nuclei. Most prominent is the single proton 
present in water molecules, therefore present in all biological tissues. An 
image produced in MRI displays certain radio frequency (RF) signal 
intensities or phases. These signals originate from human tissue where 
many of the free hydrogen nuclei align themselves with the direction of 
the magnetic field after being stimulated by RF signals. Following 
relaxation, the nuclei lose energy by emitting their own RF signal. Tissue 
is susceptible to magnetisation due to the presence of protons in the 
nuclei of hydrogen atoms. Protons contained in human tissue will align 
stochastically with a strong magnetic field causing Larmor precession 
[24]. The hydrogen nuclei behave like compass needles that are partially 
aligned by a strong magnetic field in the scanner. The nuclei will be 
rotated using radio waves, and they subsequently oscillate in the mag
netic field while returning to equilibrium. They emit a radio signal that 
is detected using antennas (coils) and used for making detailed images 
after Fourier transformation. The MR signal is sensitive to a broad range 
of influences, such as chemical surrounding, nuclear mobility, molecular 
structure, flow, and diffusion. Depending on the tissue or movement of 

fluids within the area of interest, different levels and processes of 
relaxation can be captured. MRI is a very flexible technique that pro
vides measures of both structure and function. Through varying 
different parameters of the imaging protocol, it is possible to manipulate 
the contrast between the degrees of relaxation. 

The imaging process can be viewed as dividing the patient volume 
into slices, which are then further divided into a matrix of voxels. This 
localisation is achieved through field gradients. An independent RF 
signal is then produced from each voxel. Image detail and image noise is 
determined by voxel size, which should be sized appropriately. Factors 
such as contrast sensitivity, detail, noise, artefacts, and spatial charac
teristics of image quality can be adjusted by various protocol factor 
settings. Therefore, maximum benefit of MRI technology requires well- 
trained technicians to control the overall process and provide a pur
poseful image. More importantly and unlike other imaging techniques, 
MRI does not involve radioactivity or ionising radiation. 

1.2. Metals in the MR environment 

The effect of magnetic fields involved in the MRI procedure on 
metallic objects, specifically ferromagnetic materials, is of important 
safety concern [24]. Ferromagnetic materials may be attracted towards 
the magnetic bore of the MRI system with great acceleration and force. 
The magnitude of the force created is proportional to the mass of the 
object and is also dependent on the proximity of the metallic object to 
the magnet. 

The greatest magnetic field strength is found at the ends of the 
magnetic bore, allowing for ferromagnetic implants in the patient to be 
susceptible to the strong field. As a result, the implanted device may 
become displaced during the entering or exiting of the magnetic bore. 
Tissue damage may occur if an elongated object is near the vicinity of 
field. Elongated objects may be torqued along the axis parallel to mag
netic field lines. Even weak magnetic field strengths pose risk. Devices 
such as pacemakers, stimulators, and insulin pumps can be interfered 
with by a magnetic field. 

Additionally, non-magnetic metals may be excellent conductors of 
electricity. Metallic implants are capable of absorbing radio frequency 
(RF) energy via induction in the MR environment. The energy deposition 
into the metallic implants may result in a significant temperature in
crease of the implant and the surrounding tissue. Since Mg is a metal, 
Mg-based implants may succumb to this type of heating. Investigations 
of implant heating have been conducted for materials such as stainless 
steel [25], deep brain stimulation leads [26], and pacemaker leads [27], 
in which all resulted in an increase of temperature. However, no reports 
have been described on heating caused by Mg materials exclusively. 

The formation of eddy currents, or localised currents, can also occur 
in the presence of a magnetic field. Safety guidelines have been created 
to prevent major patient risk caused by these effects. However, the 
electrical effects of unlooped conductors, such as rods or wires, are 
sometimes disregarded. Spark formation across gapped metal objects 
may occur if through changing magnetic fields a voltage is induced in 
linear conductors, causing the heating of implanted metallic objects. 
Resonance phenomena such as standing waves may occur in shorter 
implants, also resulting in the heating of the conductor ends. For these 
safety reasons, metallic conductors that are not part of the MR system 
should not be in near location of the magnet. All patient monitoring 
equipment must be routed to a safe distance from the magnetic bore. 
Ultimately, a strong analysis of the effects of metallic implants in a 
magnetic environment is crucial to ensure the safety of the patient. As 
far as this review has reached, there have been no documented literature 
published describing any incident regarding magnesium implants dur
ing an MRI procedure. 

2. Materials and methods 

To begin this review, following the PRISMA guidelines, journal 
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search engines such as Google Scholar and the Mendeley Web Catalogue 
were utilised in finding articles relating to the following key terms: 
magnetic resonance imaging, magnesium implants, biodegradable im
plants, and artefacts. This initial search began on July 1, 2019. Studies 
were included if magnesium or magnesium-based implants were 
involved with MRI as a form of imaging modality. Many magnesium- 
based implant studies were narrowed down to those which utilised 
MRI in the investigation. Later, studies that discussed artefacts caused by 
the implants in the MR environment were analysed. No found studies 
meeting this inclusion criteria were excluded. 

3. Results 

3.1. Mg-based implant applications and MRI characterisation 

Mg-based implants have been successfully implemented in many 
fields of clinical research. The following section addresses current ap
plications of Mg-based implants and the role of MRI in each respective 
study. A summary of findings can be seen in Table 1. 

In 2005, Eggebrecht et al. released a case study where a Mg-based 
stent was implanted into a 54-year-old patient suffering from coronary 
artery disease. The male patient presented with two-vessel coronary 
artery disease and stable angina. Treatment prescribed to the patient 
was the implantation of an absorbable Mg-based stent. The stent was 
based on a Mg alloy that provided mechanical stability comparable to 
common SS alternatives. Furthermore, the alloy allowed for controlled 
complete resorption within approximately two months. To image the 
stent, x-ray methods could not be utilised as the stent was designed with 
a percentage of magnesium greater than 90%, resulting in complete 
radiolucency. However, due to Mg properties, non-invasive follow-up 
was possible through MRI since the stent produced few metallic artefacts 
[28]. Contrast-enhanced MR angiography was successfully imaged of 
the right artery one week after stent implantation. The stented segment 
is clearly visualised without hindrance of metallic artefacts. 

The treatment of chronic osteomyelitis, or bone infection, calls for 
implantable material with antibacterial properties. A material consisting 
of Mg and copper (Cu) was proposed by Li et al., in 2016. By testing 
varying Cu contents (0.05, 0.1, and 0.25 wt %), the group investigated 
the material’s ability to treat methicillin-resistant Staphyloccus aureus- 
induced (MRSA) osteomyelitis. In-vitro and in-vivo, the biocompati
bility and antibacterial capabilities of the material were analysed. MRI 
was employed in this study to observe the healing process of the bone 
infection in the left tibias of rabbits at various time periods. Four weeks 
after MRSA injection, MRI provided visualisation of the cortical bone 
thickening due to abscess formation, soft tissue swelling, and small 
amounts of gas production [29]. In combination with other results, the 
evidence produced from the MR images indicated the potential usage of 
Mg–Cu alloy material with 0.25 Cu % in orthopaedic infection surgery. It 
is important to note that x-ray and MRI images were taken throughout 
this study. Images taken of the Mg implants are indifferent if not clearer 
when compared to the Ti samples in both imaging modalities. 

Mg implants are a load-bearing mechanical alternative to standard Ti 
and SS-based materials. Today, Mg-based implants can be found in 

various orthopaedic surgeries where MRI has been applied to assess 
bone formation, implant degradation, and overall healing post-invasive 
surgery. 

Moreover, implant resorption tracking has been successfully visual
ised using MRI techniques. Modrejewski et al. analysed the degradation 
behaviour of Mg alloy screws used in distal metatarsal osteotomies [30]. 
This was the first clinical study of its kind to focus on implant resorption 
with an emphasis on MRI analysis as the main imaging method. MRI 
procedures were administered at 3-, 6-, 12-, and 36-months 
post-operation with different image sequences seen in Fig. 1. At 3 
months, the MRI scans were able to provide identification of partial bone 
growth between the osteotomy gap. The screw contour was still iden
tifiable due to an obvious signal loss. After 12 months, the residual 
borders of the osteotomy zone could still be seen. At 36 months, sig
nificant signal loss was apparent with the length of the screw no longer 
identifiable. In this study, Modrejewski et al. accurately employed MRI 
to track Mg degradation and bone healing. 

A case series lead by Gigante et al. investigated the treatment of 
intercondylar eminence fractures with Mg screws. Current literature 
debates the traditional treatment of tibial spine avulsion fractures with 
either the implementation of internal fixation devices (screws) or bone 
tunnel fixation via resorbable sutures. In this study, Gigante et al. 
explore a third option of applying resorbable Mg screws that combines 
the best features of the two previously mentioned techniques [31]. 
Seven patients underwent MRI examination before and after surgery. 
MRI was chosen as it is the most reliable in imaging meniscal or ligament 
injuries and was performed after 6- and 12-months post-surgery to 
evaluate screw degradation. Images seen in Fig. 2 confirm active healing 
at the fracture site with complete resorption of the fixation device. At 12 
months, MRI assessment revealed complete fracture healing, resorption 
of screws, and newly formed bone. 

To address bone defect repair, Lai et al. formulated a novel Mg-based 
porous scaffold as a solution to treat steroid associated osteonecrosis in 
2019 [32]. The scaffold was created from Mg powder, poly
lactide-co-glycolide (PGLA), and β-tricalcium phosphate (β-TCP). The 
listed elements formed the PGLA/TCP/Mg (PTM) scaffold. The study 
revolved around the development and testing of the PTM scaffold 
in-vitro and in-vivo. More specifically, the osteogenic and angiogenic 
responses of the implant were evaluated in a rabbit model. To assess 
perfusion function, dynamic contrast-enhanced (DCE-) MRI was 
employed after 2, 4, and 8 weeks post-surgical implantation. DCE-MRI 
was utilised to measure the blood perfusion parameter “maximum 
enhancement” (ME). ME is defined as the maximum percentage of signal 
intensity increase from a measured baseline signal intensity. DCE-MRI 
successfully demonstrated a difference in ME between the newly 
designed scaffold and control groups. When compared to the control, the 
PTM scaffold promoted greater blood perfusion in early stages. During 
the study, Lai et al. did not observe any local subcutaneous hydrogen gas 
cavities. In conjunction with other imaging methods, DCE-MRI results 
suggested that the PTM scaffold could increase blood perfusion and 
promote angiogenesis. 

3.2. MRI investigations with records of artefact production 

Artefacts are observable distortions in MRI images that falsely 
represent true anatomical measurements. These distortions are pro
duced by perturbations of the static magnetic field and depend on the 
specific material properties of the implanted device. Moreover, the 
medical device’s magnetic susceptibility characteristic largely affects 
the distortions generated. Therefore, the evaluation of artefact produc
tion is essential when choosing a biomaterial. To date, there has been no 
investigation on how the production methods of Mg alloys or material 
preparations affect artifacts in medical imaging explicitly. Table 2 de
scribes the accounts of artefact production in the usage of Mg-based 
implants. 

In 2008, Ernstberger et al. investigated the evaluation of Mg 

Table 1 
Studies administering MRI techniques on Mg implants.  

Year Author Study Design MRI Usage 

2005 Eggebrecht et al. Case study Contrasted MR-angiography 
successfully applied 

2015 Modrejewski 
et al. 

Case series Observed bone growth and implant 
degradation 

2016 Li et al. Comparison 
study 

Observed healing process of bone 
infection 

2018 Gigante et al. Case series Evaluated screw degradation 
2019 Lai et al. Prospective 

study 
DCE-MRI observed blood perfusion  
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compared to Ti and carbon-fibre-reinforced polymers (CFRP) as mate
rials for invertebral test spacers. In particular, the study emphasised 
artefact production in MRI generated by these materials. Three sizes of 
each material spacer (nine spacers in total) were implanted into a single 
Gottingen minipig cadaver spine. The first material was made of 
TiAl6V4, the second material was made of MgAlMn50, and the third 
material was made of CFRP which can be seen in Fig. 3. After the MRI 
was performed, a comparison of artefact production between the sizes 
and materials was carried out by calculating the total artefact volume 
(TAV) of each spacer. Using DICOM reader software, the area of the 
artefacts was measured and multiplied by slice thickness as described by 
the Debatin multisection slice technique. The MRI evidence revealed the 
TAV of the Ti-based material to be statistically and significantly greater 
than the TAV produced by the Mg-based spacers (p < 0.001). The Mg- 
based spacers were also found to produce almost identical artefact be
haviours as the CFRP spacers (p > 0.05). The authors concluded their 
study suggesting that spinal implants based on Mg material behave 
similarly to CRFP devices in MRI scans [33]. However, due to the 
osseoconductive nature of Mg, implants based on Mg alloys provide an 
extra asset. 

A later study led by Filli et al. analysed the metal-induced artefacts 
produced by a Mg alloy versus Ti and SS controls. The study focused on 
the production of these artefacts in computed tomography (CT) and MRI 
specifically. In the interest of this review, the MRI results of this inves
tigation will be highlighted. Four orthopaedic pins were analysed in this 
in-vitro study. One pin was made of Ti6Al7Nb, the second was made of 
SS, and the final two pins were made of MgYNdHRE (two varied di
ameters). The pins were placed in a phantom filled with CuSO4 solution, 
presumably to reduce T1 relaxation time. After the MRI scans, the 
maximum diameter of the artefacts produced by the metallic objects 
were measured. The experiment revealed that the Mg alloy material 
produced significantly fewer artefacts than SS (p = 0.019–0.021) [34]. 
Compared to Ti, the Mg alloy produced less artefacts, although not 
statistically significant. It is important to note however, the biodegrad
able Mg alloy induced substantially fewer artefacts in CT when 
compared to the other controls as well. 

An ex-vivo trial was carried out by Belenko et al., in 2015 to assess 
the imaging behaviour of Mg implants. Belenko et al. analysed the Mg- 
based implants in different imaging modalities and compared the 

performance to traditional Ti-based implants. A CE-approved Mg-based 
screw (MAGNEZIX©) and an equivalent Ti screw were imaged with the 
following modalities: digital radiography (DX), multidetector computed 
tomography (MDCT), high-resolution flat panel CT (FPCT), and MRI. 
The materials were not only scanned native but were also implanted into 
fresh chicken tibia to simulate bone and soft tissue. To measure artefacts 
in MRI, the diameter of signal loss due to metallic distortion was 
measured. If multiple artefacts were produced, the longest artefact was 
chosen. In Fig. 4, the Mg-based screw generated less severe and fewer 
artefacts when compared to the Ti screw (p < 0.005) [35]. Similarly, to 
the native scans, the ex-vivo assessment revealed the Mg-based screw to 
be superior to Ti with regards to minor artefact production and signal 
distortion. Additionally, a metal-artefact reduction sequence technique 
called WARP was applied to the MRI scans. Unfortunately, the technique 
was only able to reduce artefacts of the Ti screw with statistical signif
icance (p < 0.001). Regardless of this result, Belenko et al. support the 
use of Mg-based implants as the material produces less artifacts 
compared to Ti and out-performed Ti in all of the modalities involved in 
the study. A few years after this trial was completed, extra supportive 
findings and results were published into a further descriptive research 
article by Sonnow et al. where the experiments are discussed in greater 
detail [36]. 

A paramount study was published in 2017 by Plaass et al. describing 
the results of a 3-year randomised clinical trial. The clinical trial focused 
on the application of Mg screws for the treatment of hallux valgus and 
the comparison of effectiveness against Ti compression screws. The first 
mid-term study of its kind, Plaass et al. investigated Mg implants for the 
fixation of distal metatarsal osteotomies. Twenty-six patients with 
symptomatic hallux valgus were randomly divided into two cohorts 
where one group was to be treated with the Mg screw while the other 
was treated with the Ti screw. Clinical follow up was conducted for three 
years post-surgery. Various clinical tests evaluating range of motion and 
patient pain were administered throughout the follow-up period. All 
MRI scans were evaluated for potential presence of metallic debris 
resulting from implantation to determine any relations between MRI 
artefact with potential metallic debris from the surgery procedure. MRI 
was utilised to assess differences in oedema, soft tissue reaction, bone 
resorption, and bone healing, which revealed no significant difference 
between the materials. Despite the presence of debris in three of the Mg 

Fig. 1. Sample images of Mg screw implants at different time points with two different imaging protocols, T1 and TIRM. Over time, image artefact reduces as implant 
degrades. Arrow tips point at joint effusion [30]. 
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patients, metal artefacts were still significantly lower in the Mg-group 
versus the Ti-group (p < 0.05) [37]. Overall, it was reported that an 
improvement of the significant measures for all tested clinical scores was 

observed with no statistically relevant differences between the two pa
tient groups. After the 3-year period, the Mg-based screws were found to 
be fully degraded but not fully remodelled. The authors note that the 
volume of remodelling zones decreased over time, suggesting that 
hydrogen gas was not developed too fast to cause any major tissue 
displacement. More importantly, the authors suggest that Mg should 
strongly be considered since the material produced less artefact than Ti. 

4. Discussion 

Literature discussed in this review describes the interaction of Mg- 
based implants with magnetic fields produced in MRI procedures. As 
outlined in the various studies, Mg-based implants present a contem
porary option to traditional orthopaedic implants due to their bone-like 
mechanical properties and degradation capability. As MRI does not 
involve ionising radiation, the imaging modality favours patient health 

Fig. 2. MRI at six months post-operation (top) shows fracture healing and implant resorption. At 12 months (bottom), the fracture is healed, resorption is complete 
and replaced with new bone-like material [31]. 

Table 2 
Studies describing Mg implant artefact production in MRI.  

Year Author Implant Type Artefact Behaviour 

2008 Ernstberger et al. Intervertebral 
spacer 

Reduction compared to 
Ti spacers 

2015 Filli et al. Pin Reduction compared to 
Ti and SS pins 

2015/ 
2017 

Belenko et al./ 
Sonnow et al. 

Screw Reduction compared to 
Ti screws 

2017 Plaass et al. Screw Reduction compared to 
Ti Screws  
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and limits long-term effects. 
An important characteristic of Mg implants is the radiological 

viewing of gas release due to material degradation. Hydrogen gas is 
produced during the corrosion process and though non-toxic, gas pro
duction may cause local tissue displacement and temporary gas cavities 
[38]. Of the studies mentioned in this review, only Li et al., Plaass et al., 
and Lai et al. successfully observe the presence of gas in their MRI re
sults, or lack thereof. Although no reports on gas formation in their 
study, Sonnow et al. suggest that future investigations be aimed at 
further differentiation of air, gas formation, and artifacts around implant 
site [36]. The ability to observe gas formation around Mg implants 

promote MRI as a compatible imaging modality. 
According to the findings stated in this review, Mg-based implants 

produce minor artefacts during MRI processes when compared to other 
commercial equivalent implants. As pointed in Table 2, Mg has shown to 
produce lower artefacts than Ti. Both materials have paramagnetic 
properties which cause them to create local magnetic field in
homogeneities. However, the degree in which the materials produce 
metallic artefact are limited by the magnetic susceptibility of each ma
terial. The lower magnetic susceptibility property of Mg reduces these 
distortions when compared to Ti. The significant benefit of lower arte
fact production is greater image quality of true anatomical location. 

Fig. 3. MRI of various artefact produced by titanium, CFRP, and magnesium [33].  

Fig. 4. Artifact production of Magnesium and Titanium in two views of the screw using 3T MRI [36].  
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Higher-detailed imaging allows for surgeons and radiologists to accu
rately provide correct diagnoses. Furthermore, other biodegradable Mg- 
based supporting structures and geometries come into the focus of 
medical applications, such as cardiovascular stents. The performance of 
Mg-based implants relies heavily on the production process, which has 
major impact on material properties and therefor magnetic field re
sponses. This is an important factor but is outside the scope of this work. 

Within the range of MRI application in the development of Mg-based 
implants, future investigations should emphasise the later stages of 
clinical translation further. Specific to MRI, the understanding of Mg- 
based implant heating is necessary to ensure patient safety. Although 
there have been accounts of artefact description of Mg-based implants, 
additional qualitative and quantitative metallic artefact investigations 
are warranted as suggested by mentioned authors which may provide 
information on implant degradation state. Finally, MRI has shown to 
provide significant information on soft tissue and should be utilised in 
addition with other imaging modalities for an overall multimodal 
analysis of Mg-based implants. 

5. Conclusion 

The evidence presented in this review warrants further exploration 
of Mg-based implants in conjunction with MRI analysis. As shown in the 
findings, MRI is a viable imaging modality. Further in vivo studies are 
justified to better quantify artefact production caused by Mg in MRI 
investigations. Implants based on Mg material display adequate 
behaviour in the MRI environment and yields promising results for 
future research and clinical applications. 
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Chapter 6

Detailing the influence of
PEO-coated biodegradable
Mg-based implants on the
lacuno-canalicular network in
sheep bone: A pilot study

In this pilot investigation, we undertake an examination of the impact of a biodegrad-
able material upon the lacuno-canaliculi network (LCN) utilising non-destructive
3D imaging techniques for the first instance. To advance our comprehension of
the interrelationship between bone and implants, it is imperative to examine the
structural foundation of the LCN and its reaction to surface-modified Mg-based
materials. This research endeavours to discern morphological distinctions within
the LCN of sheep, particularly in proximity to uncoated and plasma electrolytic
oxidation (PEO) coated WE43 screws, through the application of synchrotron-based
transmission X-ray microscopy. Our findings reveal that the deployment of PEO-
coated materials tends to encourage more favourable lacunar configurations, while
the uncoated counterparts promote a more extensive interconnected LCN. Notably,
the innovative imaging methodology employed in this study possesses the potential
to shed new light on the existing understanding of the interplay between the LCN
and biodegradable materials.

The results have been published in the journal Bioactive Materials and has been
reproduced with permission.
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A B S T R A C T   

An increasing prevalence of bone-related injuries and aging geriatric populations continue to drive the ortho
paedic implant market. A hierarchical analysis of bone remodelling after material implantation is necessary to 
better understand the relationship between implant and bone. Osteocytes, which are housed and communicate 
through the lacuno-canalicular network (LCN), are integral to bone health and remodelling processes. Therefore, 
it is essential to examine the framework of the LCN in response to implant materials or surface treatments. 

Biodegradable materials offer an alternative solution to permanent implants, which may require revision or 
removal surgeries. Magnesium alloys have resurfaced as promising materials due to their bone-like properties 
and safe degradation in vivo. To further tailor their degradation capabilities, surface treatments such as plasma 
electrolytic oxidation (PEO) have demonstrated to slow degradation. 

For the first time, the influence of a biodegradable material on the LCN is investigated by means of non- 
destructive 3D imaging. In this pilot study, we hypothesize noticeable variations in the LCN caused by altered 
chemical stimuli introduced by the PEO-coating. 

Utilising synchrotron-based transmission X-ray microscopy, we have characterised morphological LCN dif
ferences around uncoated and PEO-coated WE43 screws implanted into sheep bone. Bone specimens were 
explanted after 4, 8, and 12 weeks and regions near the implant surface were prepared for imaging. Findings 
from this investigation indicate that the slower degradation of PEO-coated WE43 induces healthier lacunar 
shapes within the LCN. However, the stimuli perceived by the uncoated material with higher degradation rates 
induces a greater connected LCN better prepared for bone disturbance.   

1. Introduction 

An expanding market for new implants has been established as a 
response to an increase in orthopaedic surgeries. Surgical intervention 
requiring bone implants aim to create direct contact between implant 
material and bone. How this contact which is influenced by bone reor
ganization and remodelling is generally studied as well as a deeper 
understanding of bone healing around modern implant materials and 
technologies is unclear. 

Bone is a hierarchical material that requires studying at several 
scales with each hierarchical level containing significant information. 

Macro-to micro-scale investigations are conducted to study the bone-to- 
implant interface and bone volume to total volume in order to assess the 
overall osseointegration of the implant [1,2]. Scaling further to the 
nanoscale, the study and imaging of bone cell arrangement can be 
achieved [3]. The most abundant bone cell type [4], osteocytes, are 
dispersed throughout the mineralized extracellular matrix (ECM) and 
are critical to bone forming and remodelling processes [5]. Mature os
teocytes are situated in a highly connected system named the 
lacuno-canalicular network (LCN). Entrapped in the lacunae, osteocytes 
are connected through dendritic channels called canaliculi in which they 
establish communication. Recently, canalicular junctions (CJ) have 
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shown to play a significant role in the LCN and have also been investi
gated [6]. The LCN enables biochemical signal communication between 
osteocytes and the transportation of nutrients [4]. Osteocytes locally 
initiate bone remodelling by generating signals in response to mechan
ical stimuli in the form of shear stress due to the flow of the extracellular 
fluid (ECF). Bone deformations are perceived by osteocytes and trans
duced into a signal which is transmitted to the rest of the network [7], 
triggering the recruitment of osteoblasts and osteoclast precursor cells 
[8]. Besides the mechanosensory capabilities of osteocytes, ECF found in 
the LCN enables mineral exchange with ECM [9]. Damage to the LCN or 
reduction in the LCN surface area may in turn impair mineral mobi
lisation and the mechanotransduction properties of osteocytes. Reduced 
interconnectivities hinder osteocyte communication and bone remod
elling [10]. Irregular LCNs have been associated with bone diseases such 
as osteoporosis, osteoarthritis, and osteomalacia [11]. Furthermore, sex 
and age-related changes have been reported to show a decrease of 
lacunae density and loss of canaliculi, altering communication within 
the LCN [10,12]. Therefore, disruption to the LCN due to bone damage 
or implantation of (stimulating) biomaterials warrants further 
investigation. 

Today, orthopaedic implants are used to replace or support damaged 
bone. However, traditional implant materials have shown to introduce 
unwarranted inflammatory responses [13] and further refracture risks 
[14]. Magnesium (Mg) and Mg-based alloys have re-emerged as prom
ising alternative implant materials due to their successful degradation 
performance in vivo [15]. The similar elastic modulus and densities be
tween Mg-based alloys and natural bone negate negative mechanical 
defects such as stress-shielding [16,17]. Though successful clinical cases 
have been reported using Mg-based alloys as implant material [18–22], 
additional research in potential surface treatments to further optimise 
degradation capabilities of Mg is on-going. 

An inherent characteristic of pure Mg implants is fast degradation 
accompanied by hydrogen gas accumulation. This build-up of gas may 
lead to mechanical instability and consequently ineffective implanta
tion. To overcome this, one surface treatment in particular, plasma 
electrolytic oxidation (PEO) has shown to lower the degradation rate of 
non-treated Mg-based implants [23–26]. Furthermore, PEO treatments 
surpass other surface technologies by producing thicker coatings, 
excellent adhesive strength, and can be applied to complex geometries 
[27]. By augmenting the degradation capabilities of these alloys further, 
Mg-based implants could potentially address other indications and 
fracture types which may require a more tailored degradation rate. 
Although there have been investigations of the LCN near permanent 
materials such as titanium [28], there is no documentation of LCN 
characterisation around biodegradable material. 

Advancements in synchrotron-based imaging allows for better time 
effective imaging, without compromising imaging capabilities or sample 
damage. Characterising the structures found in the LCN has been chal
lenging to date, as imaging requires a relatively large field-of-view and 
spatial resolutions below 100 nm. Human lacunae have previously been 
reported to have an average surface area of 20–70 μm2 [29]. Canaliculi 
have been described to have an average diameter of 100–600 nm [30, 
31], being much more difficult to resolve. Previously, the LCN has been 
characterised with various imaging modalities. (Quasi) two-dimensional 
methods including light [32], scanning electron [33–36], and trans
mission electron microscopy [30,37–39] have been utilised to image 
LCN structures though limited due to penetration depth and challenging 
sample preparation. Confocal microscopy [6,7,10,40,41] has also been 
applied, though with limited field-of-view. By comparison, X-ray and 
synchrotron radiation-based methods including ptychography, trans
mission X-ray microscopy (TXM) and near-field holotomography are 
enabling studying the LCN at high resolutions non-destructively in 3D 
with a relatively large field-of-view [3,6,9,42–47]. Though laboratory 
sources may provide similar spatial resolutions, synchrotron radiation 
increases imaging speed with comparable or better image quality [48]. 
In this investigation, synchrotron radiation-based X-rays are 

conditioned by a double crystal monochromator and are further shaped 
by a condenser onto bone specimen. Behind the sample, Zernike phase 
rings are placed to attain qualitative phase contrast before images are 
captured with an X-ray camera. 

In addition to the lack of LCN characterisation around degraded Mg- 
based implants, there is currently no information on the influence of 
PEO coating technologies on LCN morphology. As such, it is integral to 
understand the relationship between the PEO coating of Mg-based 
screws and the LCN to ensure successful implantation and controlled 
degradation. Two types of materials are analysed in this investigation, 
an untreated WE43-based magnesium alloy and a PEO surface-treated 
WE43-based magnesium alloy. The aim of this investigation is to pro
vide a proof-of-concept study regarding the influence of PEO coatings on 
Mg-based screws implanted into sheep bone by characterizing the LCN 
at the nanoscale level in 3D using synchrotron radiation-based TXM. We 
hypothesize that the changed degradation rate induced by the PEO 
coating results in an altered chemical stimulus perceived by the LCN. 
This altered stimulus may lead to a change in LCN arrangement or 
morphology leading to variations in bone remodelling. 

2. Materials and methods 

2.1. Implant material 

Orthopaedic interference screws (Fig. 1) with a diameter of 6 mm 
and 20 mm length were analysed in this investigation. Two types of 
materials manufactured by Syntellix AG (Hanover, Germany) were 
evaluated in this study: an untreated WE43-based magnesium alloy and 
a PEO surface-treated WE43-based magnesium alloy with a layer 
thickness of approximately 10–30 μm. Furthermore, the WE43 alloy is 
composed of Mg with the addition of Yttrium (3.7–4.3 %), Rare Earth 
Elements (2.4–4.4 %), and Zirconium (0.4 %) [49]. The specific 
composition and production methods for the alloy used in this investi
gation have been patented by Syntellix AG [50]. 

2.2. Animal experiments 

Animal experiments were provided ethical clearance by the Land
esamt für Arbeitsschutz, Verbraucherschutz und Gesundheit von Bran
denburg (ethical clearance number 2347-31-2016). Bone specimens 
were explanted from the hind legs of three sheep (female German Heath, 
at least 2 years of age) with body weights between 43 and 57 kg. Each 
sheep received two screw implants, one made of WE43 and the other a 

Fig. 1. Uncoated (top) and surface treated (bottom) WE43 orthopaedic inter
ference screws manufactured by Syntellix AG (Hanover, Germany). 
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PEO-coated WE43 implant in either the distal femur or the proximal 
tibia. Implant material were spread among implant sites in such a 
manner that not only one specific material was placed in one site. The 
surgical methodology and selected time frames were chosen due to its 
acceptance for biological testing and evaluation of medical devices as set 
out by EN ISO 10993–6:2007 [51]. 

Before implantation, the animals were sedated intramuscularly with 
0.4 mg/kg diazepam followed by general anaesthesia of 10 mg/kg ke
tamine. Shaving, cleaning, disinfection, and sterile covering of both 
knees took place before incisions. For tibial implantation, the skin was 
incised medial on the proximal end of the tibia exposing the shaft of 
tibia. The periosteum on the medial surface was then prepared. For 
femoral implantation, an incision was made medial on the distal end of 
the femur. The femoral trochlea and medial condyle were exposed and 
the caudomedial end of the trochlear crest was further prepared. At both 
implantation sites, a drill with 6 mm diameter was applied to a depth of 
approximately 20 mm. The application of interference screw was then 
achieved by means of screwdriver. Wounds were closed with continuous 
fascia and subcutaneous sutures, and with continuous intracutaneous 
suture skin bonding. 

Butorphanol (0.5 mg/kg) was administered as prophylactic analgesia 
for a period of minimally three days post operationem. The animals were 
housed in groups during the acclimatization as well as during the study 
period. Individual times of postoperative recovery were ensured. Straw 
was used for bedding, supplied fresh and sufficiently on a weekly basis 
as well as if required. The sheep were provided with drinking water and 
ad libitum. After either four, eight, or twelve weeks of healing, the an
imals were sedated and put under general anaesthesia as described 
previously, followed by T61 intravenous euthanization. 

2.3. Sample processing and data acquisition 

Following euthanization, the implantation sites including the 
implanted screws were extirpated preserving adjacent bone tissue with 
at least 2 cm distance to the specific test item for a total of 6 explants. 
The samples were placed in increasing percentages of ethanol (Herbeta 
Arzneimittel Detlef Karlowski e.K., Berlin, Germany) for eight weeks. 
Following dehydration, the samples were embedded in polymethyl 
methacrylate (Kulzer GmBH, Hanau, Germany) and sliced in half along 
the length of the screw for further study. 

2.3.1. Micro-computed tomography (μCT) 
The embedded samples were first imaged via a laboratory μCT 

(Phoenix Nanotom by Baker Hughes, Celle, Germany) with an operating 
voltage of 100 kV at 70 μA current resulting in a pixel size of approxi
mately 6 μm. Scanning was completed with 1000 ms exposure time with 
2400 projections. Scans were reconstructed in Datos|x (Baker Hughes, 
Celle, Germany) where any movement during the scan was corrected 
using the image optimisation function. Imaging data acquired from μCT 
scans were then utilised for degradation rate calculations. 

2.3.2. Scanning electron microscopy 
Following μCT scanning, the embedded samples were cut perpen

dicular to the screw’s long axis approximately 10 mm from the head of 
the screw using a diamond wire saw (Well Diamond Wire Saws SA, 
Mannheim, Germany) based on previous μCT scans. The exposed sam
ples were then subject to polishing. Firstly, samples were cleaned with 
ethanol prior to and after mechanical polishing (Diamant suspension, 
with particle size 3 μm for 7 min). After cleaning, the quality of polishing 
was verified using a light microscope. The samples were then sputtered 
with gold for 1 min via a CRESSINGTON sputter coater (TESCAN GmbH, 
Dortmund, Germany). The sputtered samples underwent scanning 
electron microscopy (SEM). The TESASCAN AMBER X (TESCAN GmbH, 
Dortmund, Germany) was used to image the samples with a current of 
10 pA and an applied voltage of 10 kV. A 300 μm field-of-view was 
achieved with an image size of 1024 pixels by 1024 pixels. Following 

SEM imaging (Fig. 2), two regions of interest from the trabecular bone 
from each explant (millimetres from the screw surface) were selected for 
further processing. A further region was selected a larger distance from 
the screw surface to benchmark as undisturbed bone. 

2.3.3. Synchrotron radiation-based transmission X-ray microscopy (TXM) 
Bone specimens with a diameter and height of 50 μm were subject to 

focused ion beam milling at Fraunhofer Institute for Integrated Systems 
and Device Technology (Erlangen, Germany) producing a total of 18 
samples (2 regions of interest approximately 150 μm from the bone- 
implant interface and 1 region at a distance of at least 1.3 mm per 
explant). The samples were mounted onto a custom holder. Following 
the milling process, imaging was performed at the nanotomography end 
station at the P05 imaging beamline operated by Helmholtz-Zentrum 
Hereon at the PETRA III storage ring at the Deutsches Elektronen- 
Synchrotron (Hamburg, Germany) [52]. An energy of 11.2 keV was 
selected using a Si111 double crystal monochromator (ΔE/E ~ 10− 4). 
The sample was illuminated using a 1.8 mm beam shaping condenser 
with square fields of 50 μm by 50 μm, providing an illumination of the 
same size in the sample plane. The objective lens was a Fresnel zone 
plate with a diameter of 150 μm and an outermost zone width of 50 nm. 
Zernike phase rings were placed in the back-focal-plane of the Fresnel 
zone plate to enable phase contrast imaging. All optics were designed 
and fabricated in the X-ray Optics and Applications group of the 
Paul-Scherrer-Institut (Switzerland). The X-ray camera, a Hamamatsu 
C12849–101U camera with a sCMOS chip with 6.5 μm physical pixel 
size and a 10 μm Gadox scintillation layer, was placed 19.45 m behind 
the sample. With these optics, camera and distances, an effective field of 
view of roughly 46 μm with an effective pixel size of 22.8 nm was 
achieved. Image reconstruction was performed using respective TomoPy 
pipelines [53] with binning factor 2 of the raw images, resulting in a 
voxel size of 45.6 nm. 

2.4. Degradation rate 

μCT data was loaded into Fiji/ImageJ [54] for post-processing. 
Anistropic diffusion was applied to reduce noise before applying 
thresholding techniques to the data, segmenting the bone and implant 
material in Avizo (Version 2021.1, Thermo Fisher Scientific, Waltham, 
USA). Degradation rates were determined for both materials based on 
the segmented data using the following equation [55]: 

Degradation rate=
Initial volume of base material − corroded base volume

Surface area of initial base × time in years  

2.5. Calculation of lacunar density based on SEM images 

SEM data underwent gaussian filtering within Fiji/ImageJ to prepare 
for segmentation and lacunae quantification. In Avizo, the implant was 
dilated by 1 mm and was subtracted from the original image to capture 
the region of interest. The bone within the region of interest was 
segmented by thresholding techniques to determine the surface area. 
After, the region of interest was exported from Avizo and loaded into 
Fiji/ImageJ where the multiple object selection tool was utilised to 
manually count the lacunae. Finally, the lacunar density was determined 
by dividing the counted lacunae by the surface are of bone which was 
previously segmented. 

2.6. LCN segmentation 

Before segmentation, the SRTXM data was first denoised by an 
iterative non-local means filter [56] designed to remove texture caused 
by back projected noise and artefacts in high resolution tomography. 
The denoised data was then subjected to segmentation in Avizo. 

Firstly, the bone and LCN including the canaliculi, canalicular 
junctions, and lacunae structures were segmented using greyscale 
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thresholding and manual correction. To segment the lacunae in Fig. 3, 
the LCN was masked and eroded to remove the canaliculi structures. The 
remaining structures were then labelled separately and were followed 
by volume size filtering to ensure only the lacunae were left and cana
licular junctions were removed. Finally, the remaining objects were 
dilated to their approximate original shape followed by manual 
correction. To segment the canaliculi and canalicular junctions, the 
lacunae were subtracted from the LCN mask. Moreover, the LCN label 
was skeletonised for further nodal analysis. 

2.7. Quantitative analysis of the LCN 

Quantitative analysis was completed in Avizo. The lacunae were 
quantified by the number of lacunae found in the sample (Lc.N), the 
total volume of the lacunae (Lc.TV), the bone volume (BV), the density 
of the lacunae (Lc.N/BV) and the lacunar porosity (Lc.TV/BV). Addi
tionally, the morphology of the lacunae was calculated in terms of 
sphericity and smoothness (or compactness) using the following equa
tions: 

Sphericity=
π1

3(6 × Volume)
2
3

Surface area  

Smoothness=
Surface area3

36 × π × Volume2 

The canaliculi were quantified by measuring the canalicular total 
volume (Ca.TV) and the canalicular porosity (Ca.TV/BV). To make 
better use of partially cut-off lacunae in the measured samples, the 
average number of canaliculi per lacunar surface area was also calcu
lated. The canalicular junction density (CJ.N/BV) was determined by 
analysing the skeletonization nodes of the LCN. With the addition of 
lacunar volume, the total volume of the LCN (LCN.TV) and the LCN 
porosity (LCN.TV/BV) could be evaluated. Distance mapping was uti
lised in Avizo to calculate the distance between a matrix voxel and an 
LCN voxel (dLC). Furthermore, the Fiji/ImageJ plugin [54], MorphoLibJ 
[57], was used to determine the average distance of any canalicular 

point to the nearest lacunae (dnet) by means of geodesic distance 
mapping. 

3. Results 

3.1. Degradation rates 

An example of a 3D rendered explant with segmented bone and 
screw material can be seen in Fig. 4 (A). At 4-weeks, the degraded PEO- 
coated screw shows good bone contact with signs of degradation more 
noticeably at the tip. Calculated in vivo degradation rates for the un
coated and PEO-coated material are plotted for four, eight, and twelve 
weeks in Fig. 4 (B). Both samples revealed degradation rates lower than 
1 mm/year during the first month, decreasing as time persists. More
over, the PEO-coated material exhibited a more consistent and lesser 
degradation rate overall. There is approximately a 50% decrease in 
degradation rate initially, reducing to approximately 20% at 12 weeks 
between the two materials. 

3.2. Qualitative comparison 

Following μCT imaging, regions of interest within the bone sur
rounding the implant were identified for TXM in scanning electron mi
croscopy (SEM) images of the same cross-section. Additionally, the 
lacunar density (Fig. 5) was calculated by segmenting the bone area 
imaged by SEM and manually counting the number of lacunae which 
were within 1 mm of the implant surface. The bone implanted with PEO 
material revealed to have approximately 30% lower lacunar density 
surrounding the implant when compared to the uncoated material. 

Fig. 6 illustrates the image segmentation of the selected region of 
interests near the implant imaged using TXM organised by material and 
in vivo degradation time. The 3D renderings of segmented data show the 
lacunae (variously coloured) and canaliculi (light blue). From visual 
inspection, more lacunae were captured in the PEO samples. However, 
the lacunae found near the uncoated material appear larger in volume. 
There are clear differences in the organisation of canaliculi in terms of 

Fig. 2. Example cross section SEM image of PEO surface-treated screw samples after 12-weeks of implantation. Residual WE43 material, degradation layer, and 
trabecular sheep bone are visible. Two near regions (positions 1 and 2) and one further region (position 3) of interest are marked with crosses for milling. An example 
magnification of the SEM image showing lacunae is also shown (right), allowing for lacunar density to be derived from the image. 

Fig. 3. Sample data workflow of lacunae segmentation in Avizo. A) Denoised TXM image of bone sample showing LCN structures. B) Initial LCN segmentation after 
greyscale thresholding and manual correction. C) Partially eroded structures with component labelling after smaller volumes are removed. D) Final volume rendering 
of multiple lacunae after reversing erosion (dilation). 
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direction seen in the different time points. Thicker and irregular canal
iculi are more apparent at 8 weeks of in vivo degradation. 

3.3. Quantitative analysis of the LCN morphology 

Based on the segmented data of the LCN, a quantitative analysis of 
the network structure was performed. The following figures describe 
results of the two bone samples found near the implant. Results based on 
the third sample further from the implant can be found in the Supple
mentary Material. 

Reported values of lacunar porosity and density are depicted in 
Fig. 7. The lacunar volume in both LCNs found near the implant mate
rials comprises of less than 4% of the total bone volume between four 
and twelve weeks. From eight to twelve weeks, the lacunar porosity of 
the LCN surrounding the uncoated material is greater than the selected 

LCN near the PEO-coated material. However, an elevated lacunar den
sity near the PEO-coated material is seen during this time period. Bone 
analysed further away from the uncoated implant revealed a lower 
average lacunar porosity and density, relative to PEO-coated material. 

Lacunar morphology in terms of sphericity and smoothness were 
investigated for the segmented lacunae. Two general classifications of 
shapes were found in the bone specimen: smooth and irregular. The 
lacunae were averaged for each time-point and plotted in Fig. 8. The 
lacunae found near the PEO-coated implant exhibited a smoother and 
ellipsoid-like shape in contrast to the irregular-shaped lacunae found 
near the uncoated material at the analysed time points. Lacunae ana
lysed further away from the implant surface overall display a round and 
healthy lacunar shape during early time points and decline in smooth
ness and regularity towards shapes found near the implant as time 
progresses. 

In terms of canalicular structures, the porosity and average number 
of canaliculi per area of lacunae found near the implant surface are 
described in Fig. 9. During all time-points, the canaliculi made up a 
higher percentage of the total bone volume found near the uncoated 
material, with maximum values at eight weeks. Additionally, a lower 
number of canaliculi were found attached to lacunae near the PEO 
implant. With regards to the bone samples further from the implant 
surface, the canicular presence in terms of porosity and number of 
canaliculi per area of lacunae was elevated in the bone implanted with 
uncoated material. 

The canalicular junction density and overall LCN porosity of the bone 
samples located near the implant are shown in Fig. 9. During all 
observed time-points, the canalicular junction density was elevated in 
the LCN found near the uncoated material, climaxing at 8 weeks. The 
total volume of the LCN found around the PEO-coated material was 

Fig. 4. A) 3D rendering of a 4-week degraded PEO-coated screw surrounded by trabeculae bone created in Avizo. Non-degraded WE43 material is segmented in blue 
and surrounding non-metallic material in white (bone and degradation layer). B) In vivo degradation rates of uncoated and PEO-coated screws after 4, 8, and 12 
weeks calculated from segmented μCT data. 

Fig. 5. Calculated lacunar density of uncoated and PEO-coated screws after 4, 
8, and 12 weeks calculated from SEM images. 
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observed to be generally lower. At further distances, the canicular 
junction density was found to be greater in the bone implanted with non- 
coated material, but still lower in overall LCN porosity when compared 

to PEO-coated implanted material. 
As a measure of LCN functionality, its transport efficiency can be 

assessed. Kollmannsberger et al. describe transport efficiency as the time 

Fig. 6. 3D renderings of the LCN in sheep bone near uncoated and PEO-coated WE43 implants organised by in vivo degradation time and material. Renderings were 
segmented in Avizo highlighting lacunae (colors are for visualization purposes only) and the canaliculi (light blue) for bone specimen after 4, 8, and 12 weeks. Two 
samples per material were selected for each time-point. 

Fig. 7. Plots of lacunar porosity or percentage of lacunar volume in bone (A) and lacunar density (B) of LCN near uncoated and PEO-coated Mg implants after 4, 8, 
and 12 weeks. 

Fig. 8. 3D renderings of sheep lacunae found at 12 
weeks (A) and 4 weeks (B) near non-coated WE43 screw 
samples. Plot (C) describes the average morphology of 
lacunae found in the LCN near and further away un
coated and PEO-coated WE43 implants in sheep bone. 
The x-axis describes smoothness or compactness (unit
less) of lacunae shape, where a value of 0 corresponds to 
perfect smoothness. The y-axis describes the sphericity 
(unitless) of the lacunae shape, where a value of 1 cor
responds to a perfect sphere. Samples “near” the implant 
were selected mms from implant surface, while “far” 
samples were selected further from the implant surface 
from undisturbed bone.   
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required for ECF to travel between the osteocytes and ECM, with the 
assumption that time is proportional to distance. The transport effi
ciency between the osteocytes and ECM due to the LCN can be described 
by the gain factor, Gnet [7]: 

Gnet =
dLC + dnet

dLC + 1
k × dnet 

It is determined by calculating the average 3D Euclidean distance 
between the LCN and an ECM voxel (dLC), and the average longest dis
tance within the canaliculi to reach the nearest lacunae (dnet) where k is 
the ratio of vnetwork/vmatrix. A value of k = 100 was chosen since the 
diffusion coefficient of small molecules through bone matrix is 
approximated to be at least 100 times smaller than for diffusion through 
the LCN, as described by Kollmannsberger et al. [7]. 

The LCN near the implant surface of both materials show similar 
average distances from the ECM (Fig. 9, E). However, there is a much 
larger variability in ECM proximity and accessibility in terms of dLC and 
dnet seen in the LCN near uncoated samples. The calculated gain factors 
of the material over the specified time points are shown in Fig. 9 (F). 
Both materials depict a downward trend in gain factor as time persists. 

However, the uncoated material exhibiting higher gain overall. No clear 
differences between the different implant material were noticed in the 
ECM proximity of bone further away from the implants. However, the 
dnet was shorter in comparison to bone analysed by the implant. More
over, the bone further away produced lower Gain Factors when 
compared to the bone analysed near the implant. 

4. Discussion 

In this investigation, we report the application of TXM to charac
terise the LCN morphology of woven sheep bone in the vicinity of 
implanted biodegradable material for the first time. As discussed, the 
reactive nature of Mg may lead to rapid degradation rates which do not 
allow for proper tissue healing, causing overall clinical implication. 

As implant degradation occurs, mechanical loading on the implant 
and surrounding tissue changes as the base metallic material decreases. 
The rate in which the implant degrades determines how the mechanical 
loading is distributed throughout the ECM at a specific time, and in turn 
the shear stress of fluid flow within the LCN from loading. Additionally, 
the varying degradation rates result in different chemical stimuli sensed 

Fig. 9. Plots of canaliculi porosity or percentage of 
canalicular volume in bone (A), average number of 
canaliculi per area of lacunae (B), canalicular junc
tion density (C), and LCN porosity or volume (D) near 
uncoated and PEO-coated WE43 implant material 
after 4, 8, and 12 weeks. Additionally, the ECM 
proximity, accessibility (E) and gain factors (F) of 
bone near uncoated and PEO-coated WE43 implants 
over time are shown. Parameters dLC denotes LCN 
distance to matrix voxel, dnet denotes average cana
licular distance to neighbouring lacunae, and Gnet is 
the gain factor.   
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by the osteocytes which may also influence LCN morphology. From our 
μCT data, a 32% decrease in average degradation rate is exhibited over 
the selected time points in uncoated samples. This decrease is seemingly 
low, however, since PEO-coatings have exhibited a reduction in degra
dation rates by up to 90% and show generally lower degradation rates 
[58]. With a slower degradation rate introduced by PEO, geometries 
requiring more material may be produced without risk of premature 
degradation, such as plates and corresponding screws [23]. Addition
ally, with a slight increase in implant diameter created by the PEO 
process described in the methodology, implant stability may improve 
[59]. 

Based on SEM imaging, we were able to calculate the lacunar density 
within 1 mm of the implant material. A higher lacunar density, which 
has demonstrated to increase nutrients exchange [9], was observed 
around the uncoated material. An increased lacunar density may have 
developed as a response to the faster degradation of the uncoated ma
terial. With rapid degradation of the uncoated material, a higher amount 
of nutrients may need to be extracted from the ECM and transported via 
ECF to initiate bone remodelling processes. As such, the higher lacunar 
density found around the uncoated material may be aiding in such 
processes, which may yet to be sensed by the bone surrounding the 
slower degrading PEO-coated material. 

Lacunar morphology has previously been investigated to character
ise bone diseases [10–12]. From Fig. 8, a greater portion of imaged 
lacunae surrounding the PEO material is plotted near the top-left 
quadrant of the graph, describing the lacunae as rounder and smooth. 
In comparison, the lacunae surrounding the uncoated material was 
plotted on the right half of the graph due to their irregularity in shape. 
The smoother ellipsoidal lacunar shapes found in bone surrounding the 
PEO-coated material could suggest that lower degradation rates favour 
lacunar ellipsoidicity. As a result, bone remodelled around the 
PEO-coated material might be more resistant to micro-damage and 
micro-cracks as investigated by Liu et al. [34]. Furthermore, smooth 
ellipse lacunar shapes were determined to be more prominent in mature 
bone post-operations [60]. With regards to the influence of time, both 
coated and uncoated bone samples near the implant begin to increase in 
smoothness as time persists. In contrast, lacunae located further from the 
implant surface shared smoothness and roundness with that of undis
turbed lacunae shape at earlier time points. As time persisted however, 
the further lacunae begin to increase in irregularity, as seen in Fig. 8c, 
which may be suggestive of the distance influence between lacunae and 
implant surface. Regarding lacunar density, a higher number of lacunae 
in bone is found near the PEO-coated sample after eight weeks. A slower 
degradation of material caused by the PEO-coating may in turn promote 
higher density of lacunae. A denser lacunar count might indicate a 
higher exchange rate of nutrients between the ECF and ECM at lacunar 
sites, as suggested by Hesse et al. [9]. 

We found a greater interconnectivity and canalicular presence in the 
LCN is seen near the uncoated WE43. Furthermore, canalicular porosity 
and CJ density were higher during all time points, peaking at eight- 
weeks of degradation. The higher canalicular presence, inter
connectivity and higher variability in ECM proximity and accessibility 
may be indicative of the LCN response to higher degradation rates. 
Although in our results a higher gain factor may be associated with 
higher canalicular interconnectivity in our findings, previous studies 
have found contrary results. Structural quantification of the LCN found 
in ovine bone has only been documented once in literature. Koll
mannsberger et al. analysed the healthy LCN of different mice and sheep 
bones regarding intercellular transport and communication during a 
single time-point [7]. The slower-growing sheep bone was found to have 
lower interconnectivity, however, better organised when compared to 
the irregular fast-growing mouse bone. By visual inspection, the sheep 
bone exhibited regular spacing unlike the irregular mouse bone. The 
analysis revealed a denser canalicular network in sheep bone, greater 
access to ECM, and gain factors almost double the amount in the mouse 
bone. However, the study was conducted using confocal microscopy 

with voxel sizes of only 200 nm, which may have been a leading cause 
for the sparse network observed in mice as indicated by the study by Yu 
et al. which showed that high spatial resolution is required for the most 
accurate results [3]. 

When considering the bone samples selected further away from the 
implant surface, there is a lower canalicular presence and connectivity 
when compared to bone samples near the implant. In conjunction, the 
Gain Factor of bone further from the implant was determined to be lower 
than bone located closer to the implant surface. Casanova et al. have 
described a progressive increase in connectivity of the LCN during 
fracture healing in mice during early stages of repair [60], which does 
not seem to be present at the bone samples further from the implant 
surface. The lower transportation efficiency and network connectivity 
observed in distant bone analysed in this investigation may be inherent 
to undisturbed LCN. The LCN found further away from the implant may 
not be required to respond to chemical changes caused by the implant 
material, and therefore display a lack of additional network efficiency 
and connectivity. 

As mentioned, the study led by Kollmannsberger et al. is the only 
instance in which the LCN is investigated in sheep bone in literature [7]. 
Kollmannsberger et al. reported a lacunar porosity (or void fraction) of 
approximately 5 %, which similarly aligns with the lacunar porosity 
found near the PEO-coated material (4–8 %) in this study. However, 
canalicular densities in terms of distance per volume reported in our 
investigation (0.82–2.41 μm/μm3) are much higher than what is stated 
by Kollmannsberger et al. (0.19 μm/μm3). The higher density of the 
canaliculi observed in our study however, is clearly supported by the 
segmentation of the canaliculi as visualised in Fig. 6. The distance from a 
matrix voxel to the LCN (dLC) was found to be smaller in our investi
gation (0.2–0.4 μm) when compared to the 1 μm reported by Koll
mannsberger et al. which again may likely be due to the higher 
resolution used for imaging in our study. The average distance within 
the canaliculi to reach a cell body (dnet) reported by Kollmannsberger 
et al. (10.25 μm) more similarly resembled the LCN found near the 
PEO-coated material (12.25 μm). From our results, the LCN found near 
the PEO-coated material contributed to a lower gain factor over the 
analysed time, which more comparably aligns to the reported gain factor 
of 10 found in mature sheep bone mentioned by Kollmannsberger et al. 
This may suggest that the slower degradation induced by the 
PEO-coated material may arrange an LCN with comparable gain capa
bilities as mature bone. Overall, our quantitative results are in good 
agreement with the values reported by Kollmannsberger et al. 

The LCN is crucial to bone remodelling and maintaining mineral 
homeostasis. From Fig. 9, we see that bone surrounding the PEO-coated 
material exhibited lower canalicular porosity and fewer canaliculi 
attached to the lacunar surfaces when compared to bone found near the 
uncoated material. The reduced shear stresses sensed by local osteocytes 
caused by a delayed degradation of metallic base materials may in turn 
reduce the required permeability of the LCN. Bortel et al. found that 
interconnectivity between canaliculi promotes robust network transport 
capabilities and mineral access when canaliculi are interrupted [43]. 
The study revealed that although interconnectivity increases total 
canalicular network length, an increase in canaliculi acts to stabilise the 
overall network performance. If interruption occurs at one pathway, a 
larger ECM volume is still accessible due to extra connections within the 
system. Thus, the LCN surrounding the PEO-coated material may have 
limited access to ECM if canalicular interruption occurs when compared 
to bone with more connectivity as a response to higher degradation 
rates. Interestingly, not only is there a stronger canalicular presence near 
bone found in the vicinity of the implant surface for the uncoated 
samples, but results from distant bone demonstrate a higher connec
tivity when compared to bone implanted with PEO-coated material as 
well. 

In addition to earlier works describing the analysis of lacunae and 
canaliculi, Wittig et al. have introduced a third LCN structure, the 
canalicular junction (CJ). Findings from their study suggest that these 
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CJs are integral to osteocyte communication and possibly canalicular 
ECF flow. We report CJ density values of approximately 108 per mm3 

(Fig. 9) and lacunar densities of approximately and 104 per mm3 (Fig. 7) 
for both implant materials. This factor of 104 between CJ and lacunar 
density may be introduced as response to altered chemical stimuli by the 
LCN specifically after material implantation, unlike typical stimuli 
sensed from everyday physical activity. This factor may be characteristic 
to healing bone as previous studies show a similar quantitative amounts 
between CJ and lacunar density in healthy bone [6]. Wittig et al. 
demonstrated that CJs found in healthy sheep femora occur at a density 
similar to that of osteocyte lacunae. By visual inspection of the 
segmented TXM data, it is evident that the LCN in our samples are not as 
evenly dispersed and well-organised as the undisturbed bone specimen 
imaged by Wittig et al. For this reason, altered stimuli received by the 
LCN due to implanted material may induce an increase in CJ density. 
Specifically, a higher degradation rate, as found in the uncoated mate
rial, may induce an increase in CJ density in surrounding bone. 

This investigation has some limitations. Though LCN variations are 
apparent between the two materials, statistical analyses could not be 
performed due to low number of samples. Additionally, the bone sample 
furthest from the 12-week PEO coated specimen was lost during the 
manufacturing of the bone specimen. A variability is introduced since 
bone healing may progress at different speeds depending on the animal, 
thus requiring an increase in animal samples to better substantiate the 
results. Furthermore, bone specimen analysed in this investigation were 
collected from internal woven bone of sheep femur and tibia. In
vestigations of the superficial lamellar bone response would provide 
further insight since woven bone is characterised as inadequately 
organised and less dense with higher cellularity when compared to 
lamellar bone. The inclusion of longer time points, particular to the PEO- 
coated material, would provide a deeper understanding and quantifi
cation of the delayed effect caused by retarded degradation. Moreover, 
similar investigations to include human bone is warranted to further 
justify LCN equivalencies to sheep bone. Surface morphology of the PEO 
coating should additionally be investigated to determine the influence of 
implant surface on the LCN. 

5. Conclusion 

To the best of our knowledge, this pilot investigation is the first of its 
kind to analyse LCN morphology surrounding a biodegradable implant. 
Morphological differences in sheep bone LCN have been observed as a 
response to varied chemical stimuli induced by uncoated and PEO- 
coated WE43 materials. Smoother ellipsoidal lacunar shapes surround
ing PEO-coatings may indicate that lower degradation rates favour 
lacunae which are better resistant to damage. To the contrary, uncoated 
material exhibiting higher degradation rates seem to elicit a higher 
interconnected LCN prone to better stability against canalicular inter
ruption. To confirm delayed variations, PEO-coatings cause on the LCN, 
similar studies including additional samples, longer time periods, and 
new complexity measures should further be performed. 
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Chapter 7

Evaluating metallic artefact of
biodegradable magnesium-based
implants in magnetic resonance
imaging

The attainment of appropriate image quality is a critical factor underpinning the
efficacy of magnetic resonance imaging (MRI). It is well-documented that Mg-based
materials have been associated with the generation of image distortions in MRI
examinations. Nevertheless, a notable void exists in current literature concerning the
impact of the degradation properties inherent to Mg-based implants on MRI image
quality. This study is dedicated to the comprehensive investigation and quantification
of the metallic artefact characteristics exhibited by Mg-based orthopaedic screws,
particularly as they undergo degradation in diverse media and tissue environments.
Our findings, derived from extensive experimentation encompassing in vitro, in
vivo, and clinical scenarios involving scaphoid fracture treatments, reveal a notable
reduction in artefact generation by Mg-based material over extended degradation
periods. Notably, statistical analysis demonstrates a significant difference (p < 0.05)
in metallic artefact production between the Mg-based and titanium (Ti) material
groups. These outcomes present a compelling argument for further exploration of
Mg-based materials as viable candidates for medical implants, including an in-depth
inquiry into their potential role in facilitating the assessment of bone healing through
MRI modalities.

The results have been published in the journal Bioactive Materials and has been
reproduced with permission.
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A B S T R A C T   

Magnesium (Mg) implants have shown to cause image artefacts or distortions in magnetic resonance imaging 
(MRI). Yet, there is a lack of information on how the degradation of Mg-based implants influences the image 
quality of MRI examinations. In this study, Mg-based implants are analysed in vitro, ex vivo, and in the clinical 
setting for various magnetic field strengths with the aim to quantify metallic artefact behaviour. In vitro corroded 
Mg-based screws and a titanium (Ti) equivalent were imaged according to the ASTM F2119. Mg-based and Ti 
pins were also implanted into rat femurs for different time points and scanned to provide insights on the in
fluence of soft and hard tissue on metallic artefact. Additionally, MRI data of patients with scaphoid fractures 
treated with CE-approved Mg-based compression screws (MAGNEZIX®) were analysed at various time points 
post-surgery. The artefact production of the Mg-based material decreased as implant material degraded in all 
settings. The worst-case imaging scenario was determined to be when the imaging plane was selected to be 
perpendicular to the implant axis. Moreover, the Mg-based implant outperformed the Ti equivalent in all ex
periments by producing lower metallic artefact (p < 0.05). This investigation demonstrates that Mg-based im
plants generate significantly lower metallic distortion in MRI when compared to Ti. Our positive findings suggest 
and support further research into the application of Mg-based implants including post-operative care facilitated 
by MRI monitoring of degradation kinetics and bone/tissue healing processes.   

1. Introduction 

Traditional permanent orthopaedic implants have shown to cause 
inflammatory responses [1] in addition to further refracture risk [2]. 
These inappropriate bodily reactions and mechanical failures suggest 
that other solutions be investigated for temporary bone support, such as 
magnesium (Mg)- based alloy materials. The ability to safely degrade in 
vivo as a load-bearing implant material is arguably the most attractive 
property [3–5]. The similar elastic modulus and densities between Mg 

alloys and natural bone prevent negative mechanical conditions such as 
stress-shielding [6]. Recognizing the increasing usage of Mg material in 
the clinical setting magnetic resonance imaging (MRI) presents a viable 
diagnostic imaging modality for the examination of the degradation 
status of biodegradable implants and for the study of the implant/tissue 
interface. MRI is a mainstay of today’s diagnostic imaging due to its 
ability to provide excellent soft tissue contrast at high spatial resolution 
[7–9]. Computed tomography (CT) is widely used in clinical practice to 
image bone fractures and corresponding implants. However, CT pro
vides little information on soft tissue processes. The use of ionising 
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radiation in serial CT examinations adds to the cumulative radiation 
dose of patients which may be associated with a small but significantly 
increased risk of malignancy [10]. Since MRI does not administer any 
type of ionising radiation, long-term harmful effects are considered 
insignificant [11]. However, diagnostic imaging quality can be 
compromised by image artefacts attributed to the patient (motion and 
flow artefacts), signal processing (wrap around and chemical shifts), or 
to the hardware (static magnetic field or radiofrequency (RF) trans
mission field inhomogeneities). 

In MRI metallic implants may cause image distortion artefacts, or 
susceptibility artefacts. Metals have intrinsic magnetic susceptibilities 
that produce significant local field disturbances. These local changes in 
the resonance frequency shift image pixels away from their true posi
tions leading to significant geometric distortions including signal 
reduction or voids (black areas in the image) and signal enhancements 
(bright areas in the image). These distortions are created by perturba
tions of the static magnetic field and are related to the specific material 
properties of the implant. Although there have been many methods 
demonstrating a reduction in artefacts [12], complete metallic artefacts 
cannot be removed. 

Metallic implants made of materials, like Mg, have shown to cause 
image artefacts due to the inherent magnetic susceptibility of the ma
terial. However, their impact on MRI quality is less compared to other 
current permanent metallic implants [13]. 

The evaluation of artefact production in MRI is necessary when 
choosing a biomaterial. Artefact limitation is vital since compromised or 
poor image quality may disturb medical diagnosis or anatomical visu
alisation. The aim of this investigation is to quantify the metallic artefact 
production of Mg-based implants during the degradation process in 
various MRI settings with the ultimate goal to support the use of Mg- 
based implants in the clinical setting due to successful visualisation in 
MRI. To benchmark the MRI performance of Mg-based implants stan
dard, commercial Ti based implants are used as a reference. 

2. Materials and methods 

2.1. In vitro investigation 

Orthopaedic compression screws 40 mm in length and diameter of 
3.2 mm made of WE43-based material manufactured by Syntellix AG 
(Hannover, Germany) underwent in vitro degradation. The volume of the 
WE43 screw is 151.51 mm3 with a surface area of 552.54 mm2. Chem
ical composition of WE43 includes Yttrium (3.7–4.3%), Rare Earth El
ements (2.4–4.4%), Zirconium (0.4%), with the remainder composing of 
Mg [14]. A non-degraded WE43 screw and a titanium equivalent of 
similar geometry were included for comparative results (Fig. 1). 

The WE43 samples were degraded via a modified ASTM F3268 
Standard [15] with Dulbecco’s Phosphate Buffered Saline (DPBS). A 
total of five screws were degraded in the DPBS with different immersion 
times varying by one week with a total of five time points (1 week, 2 

weeks, 3 weeks, 4 weeks, and 5 weeks). After immersion time was 
completed, the samples were cleaned with distilled water to remove any 
excess salts and rinsed with ethanol to prevent further oxidation before 
drying and storage. 

For the in vitro MRI measurements, a 1.5 T (GE Signa Artist, GE 
Healthcare, Waukesha, USA), 3.0 T (Skyra Fit, Siemens, Erlangen, Ger
many) and 7.0 T (Magnetom, Siemens, Erlangen, Germany) MRI Scan
ner were used. Further details on the imaging protocol and imaging 
techniques employed for the in vitro measurements are documented in 
Table 1. 

The following in vitro procedure has been adapted from ASTM F2119 
[16] and consists of two parts: (1) the acquisition of images with the test 
object’s long axis perpendicular to the main magnetic field (B0), and (2) 
the acquisition of images with the test object’s long axis parallel to the 
main magnetic field. Implant orientation relative to the main magnetic 
field, imaging sequence applied, slice orientation, phase-encoding di
rection, and material were varied for each combination before each 
image acquisition. The test object was suspended in a home built 
phantom acrylic container via a 3D printed holder filled with CuSO4 
solution (Merck Millipore, USA) to reduce T1 relaxation effects. Artefact 
dimensions were determined by applying the ASTM F2119 definition for 
artefacts via a custom MATLAB (The MathWorks Inc., USA) script. Ex
amples of measurements completed by the script are shown in Fig. 2. 
The diameter artefact is measured by determining the longest artefact 
along the diameter of the screw. The length artefact is determined by 
measuring the longest artefact along the length of the screw. The largest 

Abbreviations 

AP Anterior/Posterior 
ASTM American Society of Testing and Materials 
B 0 Main Magnetic Field 
DICOM Digital Imaging and Communications in Medicine 
FOV Field of View 
GRE Gradient Echo 
HF Head/Foot 
LR Left/Right 
Mg MRI Magnetic Resonance Imaging 
ORTH Orthogonal 

PAR Parallel 
RF Radio Frequency 
SAG Sagittal 
TAV Total Artefact Volume 
TE Echo Time 
Ti Titanium 
tp Time Point 
TR Repetition Time 
TRA Transverse 
TSE Turbo Spin Echo 
w Weighted  

Fig. 1. 40 mm Mg-based orthopaedic compression screw MAGNEZIX® CS ø3.2 
(top) and Ti market-equivalent (bottom). 

Table 1 
Parameters of sequences used for in vitro MRI investigations.  

B0 Field Strength [T] 1.5 3.0 7.0 

RF Coil Type Spinal Spinal Basic Volume 

Sequence GRE TSE GRE TSE GRE TSE 
TR [ms] 100 500 500 1190 550 1190 
TE [ms] 15 20 13 20 13 30 
FOV [mm] 300 300 180 200 185 185 
Matrix Size [pixel] 256 256 256 256 256 256 
Slice Thickness [mm] 2 2 2 2 2 2  
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measurements are taken as the ‘worst-case’ artefact. 
Calculation of test object distortion was performed to determine the 

artefact size in relation to the test object dimension. Test object distor
tion is calculated by: 

Total artefact length measured − test object dimension
Test object dimension  

2.2. Ex vivo investigation 

2.2.1. Experimental animals 
All in vivo experiments were carried out in accordance with the Na

tional Ethical Guidelines (Italian Ministry of Health; D.L.vo 26/2014) 
and the guidelines from Directive 2010/63/EU of the European Parlia
ment. The protocol was approved by the Instituto Superiore di Sanità on 
behalf of Italian Ministry of Health and Ethical Panel (Prot. n◦ 299/ 
2020-PR) and the local ethics committee. Additionally, the protocol 
conformed to the ARRIVE guidelines [17]. 

A total of three 12-week-old female Wistar rats were used in this 
experiment. On surgery, animals were anesthetized with an intraperi
toneal injection of 5 mg/kg Xylazine (Rompum Elanco, Italy) and 10 
mg/kg Zoletil (Virbac, Switzerland). The depth of anaesthesia was 
controlled by toe pinch response. 

2.2.2. Surgical approach 
Through a lateral approach, an incision was made on the skin and the 

muscles are carefully teased away to expose the mid-diaphyseal region 
of the femur. A drill with 1.55 mm diameter is used to prepare the 
transcortical implantation bed with the longitudinal axis of this drill 
perpendicular to the longitudinal axis of the femoral diaphysis. Drilling 
is performed at low rotational speed and profuse physiological saline 
(Fresenius Kabi, Italy) irrigation is applied via syringe to minimise 
frictional heat and thermal necrosis. A pin implant of 8 mm in length and 
1.5 mm in diameter made of WE43 or Ti was implanted in this pro
cedure. The cylindrical implant is inserted by gentle tapping, resulting in 
a uniform press fit. After transcortical placement is ensured, the oper
ating field is cleaned with sterile cotton tips for remaining bone debris 
and the wound is closed with resorbable sutures (Johnson & Johnson 
Medical, Italy). Thereafter, the contralateral side is operated in the same 
way and using the same implant type. 

The sacrifice of the animals at various time-points is performed with 
a lethal dose of isoflurane (IsoFlo, Zoetis, Italy); hind paws are explanted 
cutting through the hip joint and stored at − 20 ◦C until further analysis. 

2.2.3. Explant imaging 
The explants were scanned to obtain information on the influence of 

hard and soft tissue on the artefact production, moving closer to 
mimicking the true physiological environment. Ex vivo MRI measure
ments of the hind paws were performed at Consiglio Nationale delle 
Ricerche Area della Ricerca di Pisa (Pisa, Italy) using a 7 T small animal 
MRI scanner (Bruker Avance III HD 300). Further details and sequences 
employed for measurements are documented in Table 2. 

DICOM images were loaded and analysed with MATLAB. The arte
fact area of each scan was measured within each sequence set for one 
explant containing a WE43-based pin one day after surgery, one explant 
containing a WE43-based pin thirty days after surgery, and one explant 
containing a Ti-based equivalent. A single time-point was selected for Ti 
since the material is not expected to degrade, unlike the WE43 material. 
A total of 18 tracings were completed (six tracings per sample). To 
calculate the total artefact volume (TAV) for each scan, the artefact 
areas measured for each slice were summed and multiplied by the slice 
thickness as described by the Debatin method [18]. 

2.3. Clinical investigation 

2.3.1. Clinical trial 
Imaging data in humans was provided by the randomised controlled 

clinical trial SCAMAG (Comparison of scaphoid fracture osteosynthesis 

Fig. 2. Script workflow of diameter (to p) and length (bottom) artefact measurement of image data acquired at 3 T MRI. A control and a sample image are loaded and 
compared to detect a 30% intensity change. This change is used to create a binary image where a longest distance can then be measured (red indicator line). 

Table 2 
MRI sequences applied during explant imaging at 7 T.  

B0 Field Strength [T] 7.0 

RF Coil Quadrature Bird Cage 
Sequence T1 RARE 
TR [ms] 1500 
TE [ms] 7 
Spatial resolution [mm] 0.12 
FOV [mm] 30 
Matrix Scan [pixel] 256 
Slice Thickness [mm] 0.8  
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by magnesium-based headless Herbert screws with titanium Herbert 
screws) [19]. The trial is a blinded observer controlled parallel 
two-group post-market trial with a follow-up of one year per patient. 
Each involved patient is treated with either a Ti or Mg-based compres
sion screw. The primary aim of SCAMAG is to demonstrate Mg-based 
compression screws as non-inferior when compared to Ti in the treat
ment of scaphoid fractures. The study protocol adheres to the SPIRIT 
[20] and CONSORT [21] statements. The SCAMAG trial was approved 
by the ethics committee of the Hanover Medical School (MHH) on 
September 27, 2017 (registration number: 7614) including registration 
with the German Register for Clinical Trials (DRKS, drks.de) on 
December 4, 2017 (registration number: DRKS00013368). 

2.3.2. Patient imaging 
Randomly chosen patients involved in the study treated with Mg- 

based compression screw (MAGNEZIX® CS, Syntellix AG, Hannover, 
Germany) participated in MRI examinations. The scans were performed 
on a 3 T MR scanner (Vario, Siemens, Erlangen, Germany) at the Medical 
School Hannover (Hannover, Germany). Typical wrist imaging MRI 
protocols were performed for this study, which are summarised in 
Table 3. 

DICOM images were loaded and analysed with MATLAB R2019b 
(The MathWorks Inc., US). A total of four patient follow-up scans were 
included in this analysis. The first, second, third, and fourth patients 
were treated with a single compression screw of sizes Ø 2.7 mm with 
length 26 mm, Ø 3.2 mm with length 26 mm, Ø 3.2 mm with length 20 
mm, Ø 3.2 mm with length 24 mm, respectively. The artefact area of 
each scan was measured within each sequence set for the available time 
points: 1.5-, 3-, 6-, and 12-months post operation. A total of 64 tracings 
were completed. The TAV was calculated similarly as in Section 2.2. 

2.4. Statistics 

Statistical analyses were performed using RStudio (RStudio, USA). A 
p-value of <0.05 was chosen to be statistically significant. 

To compare the artefacts produced by Ti, Mg, and various time- 
corroded Mg samples in the in vitro measurements with respect to 
implant orientation, sequence type, slice orientation, and encoding di
rection, an analysis of variance (ANOVA) was completed. If a significant 
p-value was determined, pairwise comparisons were performed using a 
Tukey’s post hoc multiple comparison procedure. 

For ex vivo investigations, the ANOVA test was applied to determine 
differences between material implanted into the rat femur. The ANOVA 
test was also applied in the clinical cases to determine the significant 
effects of slice orientation and healing time on the TAV. 

3. Results 

3.1. In vitro results 

3.1.1. Titanium vs magnesium 
By varying different MRI scanning parameters (seen in Fig. 3) the 

significant differences were found for the Ti and Mg samples. For all 
main field magnetic strengths, the Mg-samples produced significantly 
less artefacts than the Ti counterparts. Turbo spin echo sequences pro
duced lower artefacts versus gradient echo sequence. The averaged 
diameter- and length-measured artefacts are summarised in Table 4. 
Averaged distortions or artefact measured based on material and mag
netic field strength are documented in Fig. 4. An increase in magnetic 
field strength results in an increase in artefact size for both materials. 
The application of the gradient echo sequence and use of Ti material 
generally produced higher distortions than the turbo spin echo sequence 
and the use of Mg with the exception of the PAR-TSE-TRA-AP/LR pro
tocol at 3.0 T and 7.0 T of the PAR-TSE-SAG-AP protocol at 7.0 T. The 
Tukey post-hoc test revealed significant pairwise differences between 
the artefacts size obtained at 1.5 T and 7 T and at 3 T versus 7 T. No 
significant difference in artefact size was found between 1.5 T and 3 T. 
The p-values of parameters changed in this investigation are listed in 
Table 5. 

3.1.2. The influence of Mg in vitro corrosion time on artefact production 
Examining the effect of the Mg implant corrosion time on the artefact 

size revealed statistically significant results (Table 6). For all magnetic 
field strengths a general decrease of image distortion was found for 
increasing in vitro corrosion times of the implant (Fig. 5).The spin echo 
sequence produced lower artefacts than the gradient echo sequence 
(Fig. 6). 

3.2. Ex vivo results 

Fig. 7 illustrates MR images obtained for rat explants with Mg and Ti 
pins using the small bore animal 7 T MRI scanner. Ti produced higher 
distortion of approximately 3 times more TAV than the Mg-based sam
ples (p < 0.05) when scanned with the Turbo RARE sequence. TAV 
averaging highlighted in Fig. 8 indicates a very minor decrease in TAV 
from one day to thirty days of the Mg samples post-surgery, although not 
significant. The implantation of the pin into the femur with hard tissue 
(bone) and soft tissue (muscle) disturbs the anatomic integrity of the 
images by introducing artefacts as illustrated in Fig. 7. 

3.3. Clinical results 

Fig. 9 shows a decrease in the hypointense area surrounding the 
implant after one month, three months, and twelve months post-surgery 
for a single patient. The rest of the patient data follows a comparable 
trend (Fig. 10). Significant differences were found between healing 
times and imaging slice positions. An increase in implant degradation 
and patient healing time resulted in a decrease in artefact production. 
Imaging the implant at 1.5 months with a T2w TSE sequence in the 
sagittal direction produced the largest TAV of approximately 650 mm3. 
Since the screw is implanted into the scaphoid bone, the shape of the 
implant in Fig. 9 is defined since it is primarily surrounded by one type 
of material, spongy bone. 

4. Discussion 

Postoperative care in the field of orthopaedic surgery relies heavily 
on precise imaging techniques. Early-stage research of biomaterials 
concentrates on the assurance of appropriate mechanical and physio
logical responses between the host and the implant. Further along a 
product’s developmental stage requires insight on product application 
and translational aspects. Medical imaging compatibility is one of the 

Table 3 
MRI scanning protocols from SCAMAG clinical trial. Scanning sequences used 
include proton density-weighted turbo spin echo with fat saturation (PDw TSE 
with FS) and T1/T2-weighted turbo spin echo (T1/T2w TSE).  

Field Strength 
[T] 

3.0 

Sequence PDw TSE with fat 
saturation 

T1w TSE T2w TSE T2w TSE 

Slice Plane Axial Coronal 
1 

Coronal 2 Sagittal 

TR [ms] 3220–4290 485–586 3090–3160 2430–2920 
TE [ms] 37 32 39 97 
Spatial 

resolution 
[mm] 

0.22 0.20 0.25 0.25 

FOV [mm] 100 × 80 100 × 80 100 × 80 100 × 80 
Slice Thickness 

[mm] 
2 2 2 2  
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many focusses. The artefact production of an implant material may 
sometimes be overlooked but is a key property of the material and must 
be considered during a product’s design process. Previous studies have 
documented artefact behaviour of magnesium-based implants in MRI 
[22–24]. Our study is the first which reports on the assessment of 
artefact behaviour of WE43-based implants in in vitro, ex vivo, and 
clinical environments. Our work adds to the literature by examining the 
impact of the magnetic field strength on the artefact behaviour. More 
importantly, our study provides clinically meaningful insights on how 
degradation time affects artefact behaviour for the experimental setups 
used in this work. 

A well-known and commercially equivalent orthopaedic implant 
material like Ti is widely used today [25]. With research and popularity 

Fig. 3. Measured artefact lengths of Ti and Mg in various magnetic strengths. Implant position relative to the main magnetic field, sequence applied, slice plane, and 
phase encoding direction were altered for artefact measurements. (Reading format of y-axis: IMPLANT POSITION-SEQUENCE-SLICE PLANE-ENCOD
ING DIRECTION). 

Table 4 
Average measured metallic artefact of Ti and Mg in MRI along the diameter and 
length of the implant.  

B0 Field 
Strength [T] 

1.5 3.0 7.0 

Material Ti Mg Ti Mg Ti Mg 

Average 
Diameter 
[mm] 

16.7 ±
3.9 

12.5 ±
3.9 

18.5 ±
2.7 

16.2 ±
5.0 

31.1 ±
5.3 

24.6 ±
2.2 

Average Length 
[mm] 

50.2 ±
3.9 

46.3 ±
3.2 

51.0 ±
2.4 

47.5 ±
2.1 

68.7 ±
6.9 

60.7 ±
5.9  
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of magnesium-based implants increasing, a comparison between the two 
materials is conceptually appealing. Our findings demonstrate that the 
Mg-based material outperforms Ti in the in vitro environment by 

producing lower metallic distortion artefacts. Magnetic field perturba
tions are present around metallic objects in MRI which leads to a 
modification of hydrogen nuclei precession rates. The change in pre
cession rates results in signal losses or pixel shifts and may manifest in 
local hypointensities or hyperintensities in MR images. Magnetic field 
variations are dependent on the magnetic susceptibility of the implant 
and the surrounding environment (in our case a CuSO4 solution). Since 
the difference between the magnetic susceptibility of Ti and CuSO4 is 
pronounced versus the difference between Mg and CuSO4, larger mag
netic field distortions are to be expected around a Ti implant. 

When introducing corrosion time as a parameter, a decrease in 
artefact production is noticed as the implant is degraded in vitro. As Mg 
degrades in the body, the base metallic material corrodes forming non- 
metallic degradation layers composing mainly of MgO and Mg(OH)2 
[26]. As such, the base metallic material begins to shrink in volume 
resulting in a reduced artefact size. This decrease in artefact size is 
confirmed by our results obtained for a range of in vitro corrosion times. 
The question of how the degradation layer affects artefact production 
can be answered by analysing the magnetic properties of the degrada
tion layer. Mainly composing of Mg(OH)2 [27], the degradation layer 
consists of diamagnetic material. As in vivo degradation occurs, calcium 
and magnesium apatite corrosion products additionally form [28]. 
However, since calcium phosphates are intrinsically diamagnetic, these 
compounds are trivial with respect to magnetic field interference. Thus, 
the degradation layer dampens the effects of magnetic field variations 
caused by the base metallic material. This layer has been reported to be 
on the micrometer scale [29], which may be assumed to have an almost 
negligible damping effect. 

Standards and norms governed by global organisations, such as 
ASTM F2119, are referred to by regulatory bodies to ensure patient 
safety and quality control. Our in vitro investigations, based on the ASTM 
F2119 standard, also considered how parameters such as implant posi
tion, encoding direction, and imaging techniques affected artefact pro
duction. Of the three, the only parameter that significantly affected 
artefact production was the MR imaging technique used. In both in vitro 
investigations, GRE imaging generally produced larger artefact size 
versus fast spin-echo imaging. Spin echo based imaging techniques are 
less affected by susceptibility artefacts than gradient echo techniques 
because of the use of a train of refocusing pulses that helps to partially 
compensate for dephasing of spins caused by metallic objects. Addi
tionally, imaging the diameter of the screw produced larger artefact size 
than imaging the length of the screw. 

Our results add to the literature by providing important insights on 
how the main magnetic field strength of an MRI system contributes to 
metallic artefact production. An early study by Ludeke et al. describe 
show the magnitude of susceptibility artefacts increases with magnetic 
field strength [30]. This relationship is exemplified in Figs. 4 and 5 
where an increase of distortion was observed when moving from 1.5 T to 
3.0 T and 7.0 T. It should be noted that conductive implants interact 

Fig. 4. Averaged artefact distortions of diameter (left) and length (right) measurements of Ti and Mg in MRI.  

Table 5 
ANOVA and post hoc significance of varied parameters on metallic artefact 
produced by Ti vs Mg in MRI. Encoding directions are abbreviated as follows: 
anterior/posterior (AP), head/foot (HF), and right/left (RL).  

Parameter Diameter p-value Length p-value 

B0 Magnetic Strength <0.05 <0.05 
3 T:1.5 T 0.11 0.73 
7 T:1.5 T <0.05 <0.05 
7 T:3 T <0.05 <0.05 
Implant Position 0.68 0.57 
Imaging technique (GRE:TSE) <0.05 <0.05 
Phase Encoding Direction 0.62 0.47 
HF:AP 0.77 0.67 
RL:AP 0.66 0.99 
RL:HF 0.98 0.70 
Material <0.05 <0.05  

Table 6 
ANOVA and post hoc significance of varied parameters on metallic artefact 
produced by corroded Mg samples for different time points (tp). Encoding di
rections are abbreviated as follows: anterior/posterior (AP), head/foot (HF), and 
right/left (RL).  

Parameter Diameter p-value Length p-value 

B0 Magnetic Strength <0.05 <0.05 
3 T:1.5 T <0.05 0.40 
7 T:1.5 T <0.05 <0.05 
7 T:3 T <0.05 <0.05 
Implant Position 0.60 0.13 
Imaging Technique (GRE:TSE) <0.05 <0.05 
Encoding Direction 0.44 0.12 
HF:AP 0.51 0.54 
RL:AP 0.61 0.82 
RL:HF 0.99 0.32 
Corrosion Time <0.05 <0.05 
1tp:0tp 0.24 0.98 
2tp:0tp 0.21 0.61 
3tp:0tp <0.05 0.11 
4tp:0tp <0.05 0.05 
5tp:0tp <0.05 <0.05 
2tp:1tp 0.98 0.95 
3tp:1tp 0.98 0.43 
4tp:1tp 0.47 0.26 
5tp:1tp 0.08 <0.05 
3tp:2tp 0.99 0.91 
4tp:2tp 0.51 0.79 
5tp:2tp 0.09 0.24 
4tp:3tp 0.89 0.99 
5tp:3tp 0.35 0.82 
5tp:4tp 0.94 0.94  
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with radio frequency (RF) signals from MRI transmitters. These in
terferences may cause extra artefacts and may even elevate local RF 
power deposition and energy absorption in the neighbouring region of 
the implants which may exceed regulatory limits and RF exposure 
guidelines [31,32]. 

Explants analysed in this investigation underwent freezing at − 20 ◦C 
and thawing before scanned in a small animal 7.0 T MRI system. MRI 
availability could not be synchronised with the euthanasia of the ani
mals and therefore animals needed to be stored. The freezing and 
thawing cycle has shown to effect MRI by significantly reducing the 
effective transversal relaxation time T2* [33]. Such an effect should be 
considered when interpreting the results. However, the motivation 

behind our explant analysis is to provide insights into artefact produc
tion in hard and soft tissue. Although there were no significant differ
ences obtained for the WE43 samples at different time points, Ti showed 
an approximately three times larger TAV than the WE43 material. 

The clinical results and analysis revealed important information on 
artefact production of Mg-based implants used to treat scaphoid frac
tures. Averaging measurements of the four patients included in this 
investigation followed a similar trend of artefact reduction with patient 
healing time. The decrease in distortion also provides proof of implant 
degradation or a loss of metallic base material. More importantly, after 
averaging all patients and artefacts derived for each imaging plane, an 
extrapolation of the healing time can be made until the artefact size 

Fig. 5. Averaged diameter (left) and length (right) artefact distortions of Mg-based samples as a function of in vitro corrosion time.  

Fig. 6. Averaged diameter (left) and length (right) measured artefacts of Mg-based samples as a function of in vitro corrosion time and scanning sequences.  

Fig. 7. Example of T1-weighted images of rat femur explants with WE43 and Ti pins implanted transcortical to bone.  
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reaches zero. Although this extrapolation has limitations (such as 
implant size), complete disappearance of artefact is approximately 
reached at 2.1 years, which is in accordance with a one-to-three-year 
implant resorption period [4,34,35]. Many methods have been 
employed to track implant degradation rates in vitro and in vivo, such as 
computed tomography segmentation and hydrogen gas release [36]. 
The reduction in metallic artefact size measured in MRI with progressing 
degradation may offer a viable alternative for screw degradation 
monitoring and tracking. 

This investigation utilised two parameters to quantify artefact pro
duction caused by the Mg-based and Ti implants. Distortion quantifi
cations were employed in the in vitro measurements while total artefact 
volume (TAV) was employed in the ex vivo and clinical analysis. The 
inclusion of two measurement methods was chosen to describe the 
artefact production behaviour of the implants in more than one way. 
Analysing the two measured quantities show an agreement in the 
decline of metallic distortion trend of Mg during the degradation 
process. 

Metal artefact reduction techniques are widely used today to negate 
the effects of metallic implants in MRI [37]. Various specialised software 
and MRI vendors provide dedicated imaging techniques tailored for 
reducing metallic artefacts. Since these approaches vary from MRI 
vendor to vendor, our study excluded their impact as it is out of the 
scope of this study. However, the literature reports that some metal 
artefact reduction techniques do not produce statistically significant 
results when applied to Mg [24]. Examining the efficacy of these metal 
artefact reduction techniques on Mg-based material warrants further 
investigation. 

A limitation of the in vitro aspect of this study is found in the natural 

behaviour of Mg itself. The inherent corrosion process of the implants 
made it impractical for samples to be tested more than once due to the 
interaction with CuSO4 solution. Regarding explant analysis, the 
movement of blood is avoided in the ex vivo animal studies so that blood 
motion artefacts are eliminated. An increase in explant samples and 
clinical patients would enhance the statistical power of our findings. 

Future studies should include the examination of different animal 
models to gain insights for other orthopaedic applications or solutions. 
Alternative in vitro implant degradation methods can be used to mimic 
specific environments. These methods should also be analysed to 
investigate how the degradation method affects artefact production. 
Furthermore, the inclusion of multi-modal data such as clinical 
computed tomography can be explored in quantifying an implant vol
ume to MRI artefact production ratio. 

Assessing the artefact production behaviour of Mg-based implants in 
vitro, ex vivo, and in clinical application provides valuable insights into 
the material’s properties and its implications for MRI image quality. Our 
results demonstrate that Mg-based implants displayed a decrease in 
metallic artefact production with implant degradation. As the implant 
degrades and artefact production decreases, better visualisation of bone 
healing is achieved. To summarise, the Mg-based implant outperformed 
the Ti material by inducing lower artefact size. 

5. Conclusion 

In this investigation, in vitro, ex vivo, and clinical studies demonstrate 
a reduction in artefact size with implant degradation time for Mg-based 
screws. The largest artefact behaviour or “worst-case” scenario caused 
by the WE43 implants were found when imaging the non-degraded state 
in the in vitro and ex vivo experiments. In the clinical study, the largest 

Fig. 8. Total averaged artefact volume produced by pins implanted into rat 
femurs imaged in 7 T small animal MRI. 

Fig. 9. T2-weighted images of scaphoid with Mg-based screw one (left), three months (middle), and twelve months (right) after surgery. White arrows indicate 
position of implant. 

Fig. 10. Total artefact volume produced by Mg-based implant as a function of 
healing time in different slice planes in 3 T MRI. 
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TAV was observed when imaging the implant at 1.5 months in the 
sagittal plane. When compared against Ti-based implants, the Mg-based 
material induces significantly lower artefacts. Translational findings 
from this study suggests that Mg-based implant material should be 
promoted for future orthopaedic solutions due to lower artefact pro
duction. Further clinical studies are required to determine degradation 
rates based on artefact production as an alternative approach for 
degradation tracking. 
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Chapter 8

Radiofrequency induced heating of
biodegradable orthopaedic screw
implants during magnetic
resonance imaging

In this work, translational aspects of medical device and material development
are investigated. Ensuring patient safety during medical imaging is of the utmost
importance during clinical follow-up. It has been demonstrated that permanent
implants have shown to heat surrounding tissue during MRI. However, there is no
current information on the influence of the degradation layer of Mg-based orthopaedic
screws. In this study, WE43 implants were degraded in vitro for material and heating
investigations following international standards. It is shown that the heating profile
of the WE43 screws decreases with degradation time. Therefore, the highest potential
safety risk in this regard may be after initial screw implantation. Clinicians and MRI
technicians may use this data to prepare a vigilant imaging schedule for post-operative
patient care.

The results have been published in the journal Bioactive Materials and has been
reproduced with permission.
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A B S T R A C T   

Magnesium (Mg)-based implants have re-emerged in orthopaedic surgery as an alternative to permanent im
plants. Literature reveals little information on how the degradation of biodegradable implants may introduce 
safety implications for patient follow-up using medical imaging. Magnetic resonance imaging (MRI) benefits 
post-surgery monitoring of bone healing and implantation sites. Previous studies demonstrated radiofrequency 
(RF) heating of permanent implants caused by electromagnetic fields used in MRI. Our investigation is the first to 
report the effect of the degradation layer on RF-induced heating of biodegradable orthopaedic implants. 

WE43 orthopaedic compression screws underwent in vitro degradation. Imaging techniques were applied to 
assess the corrosion process and the material composition of the degraded screws. Temperature measurements 
were performed to quantify implant heating with respect to the degradation layer. For comparison, a commercial 
titanium implant screw was used. 

Strongest RF induced heating was observed for non-degraded WE43 screw samples. Implant heating had 
shown to decrease with the formation of the degradation layer. No statistical differences were observed for 
heating of the non-degraded WE43 material and the titanium equivalent. The highest risk of implant RF heating 
is most pronounced for Mg-based screws prior to degradation. Amendment to industry standards for MRI safety 
assessment is warranted to include biodegradable materials.   

1. Introduction 

Rise in aging population, technological advancements, and avail
ability of better medical facilities drive the prevalence of orthopaedic 
implantations [1]. With the resorption of biodegradable materials, the 
need for implant removal using secondary surgery is averted along with 
significant reduction of patient burden and health care costs. Interest in 
magnesium (Mg)-based materials has shown exponential increase as a 
contemporary alternative to traditional permanent implants [2–5]. The 
appeal is warranted by the material’s appropriate biocompatibility [6] 
and mechanical properties [3]. 

Postoperative care of orthopaedic implants is aided by imaging of 

implantation sites to monitor the healing process of surrounding bone 
and tissues, and to assess the implant status [7–9]. MRI presents a viable 
approach for the examination of implantation sites due to its superb 
bone-soft tissue contrast and the use of non-ionizing radiation. Mg-based 
implants have shown to be compatible with MRI providing good visu
alization due to their lower metallic artefact production [9]. However, 
the metallic and electrically conductive nature of Mg-based and other 
metallic implants constitutes challenges for MRI. Implant and tissue 
heating due to interactions between conductive implants and electro
magnetic (EM) fields may lead to tissue heating and thus compromise 
patient safety [10]. 

Implant heating may be induced by exposure to two time-varying 
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fields required for MRI: RF field transmission (B1
+) induced heating and 

heating caused by switched magnetic field gradients (BG) [10]. MRI uses 
radiofrequency (RF) power transmission for signal and image genera
tion. Having base frequencies in the MHz, B1

+ is provided by a transmit 
RF coil used for spin excitation. Spatial encoding used for MR image 
generation is achieved by switched magnetic field gradients BG, with 
frequencies found in the kHz range [11,12]. Following Faraday’s law, 
time-varying magnetic fields are inherently accompanied by electric 
fields (E-fields), generating so called eddy currents. Induced eddy cur
rents can deposit power into implants and further induce secondary EM 
fields around the implant, which may cause tissue heating. Owing to the 
material, shape, location, orientation, and degradation state of a 
conductive implant, the level of RF power deposition induced heating 
and heating induced by switched magnetic field gradients may vary [13, 
14]. 

Due to the geometry of orthopaedic screws, RF heating is of critical 
concern. The specific absorption rate (SAR) describes the temporal 
averaged absorbed RF power PRF over time per exposed mass Δm [10]: 

SAR=
〈PRF〉t

Δm
=

σ〈|E|2〉t

2ρ 

As such, the SAR is governed by tissue parameters and MRI hard
ware. Electrical conductivity σ and mass density ρ are inherent to the 
surrounding tissue, while the E-field E is dictated by the imaging hard
ware. To limit heating and to prevent high SAR, MR techniques and 
protocols have been modified by reducing the power of RF excitation 
pulses and by increasing the repetition time between RF excitation 
pulses. A plethora of reports presents more sophisticated MRI hardware 
and methodology tailored for mitigation of RF induced implant heating 
[15–17]. Pioneering approaches include modification of RF trans
mission fields using RF arrays and parallel transmission with maximum 
and null current modes [18,19]. 

The induced eddy currents caused by the effective transmission field 
B1
+ are condensed to the surface of the metal due to the “skin effect”, a 

law of electrodynamics. Though the heating of the small implant mass 
(such as a screw) may be negligible, the secondary (scattered) E-field 
induced by the eddy currents becomes hazardous at critical locations 
along the implant [10]. RF currents indirectly induced in the neigh
bouring tissue by the secondary E-field are thus the major contributor to 
RF induced heating. Furthermore, thin wires, screws, and other 
one-dimensional-like geometries may succumb to the “antenna effect”. 
This effect describes intensity peaks when the implant length falls within 
one-quarter to one-half of the RF wavelength found in tissue [20]. Thus, 
elevated heating may be observed for thin geometries since the sec
ondary E-field is optimal under these conditions, more predominantly at 
the implant tip ends. 

Prior to market entry, various tests are undertaken to ensure medical 
devices conform to their respective standards. With support from 
governmental agencies, international standards have been established to 
ensure patient safety during MRI studies [10]. Noteworthy standards 
regarding implant heating in MRI include ASTM F2182 [21], IEC 
60601-2-33 [22], and ISO/TS 10974 [23]. To this end, responsibility 
falls upon manufacturers of medical devices to minimize hazardous risk 
and uphold patient safety. 

Previous studies have documented heating caused by permanent 
metallic implants in MRI [11,24–26]. Furthermore, particular studies 
have utilised computational modelling methods to estimate RF-induced 
heating [27–30]. Mg-based materials have additionally been employed 
for thermal ablation of tumours utilising the eddy thermal effect [31]. 
However, the literature does not reveal reports elucidating RF induced 
heating of biodegradable orthopaedic implants. How the degradation 
layer can affect potential heating in MRI is of high clinical relevance, still 
unknown and warrants additional exploration. To close this gap, this 
study first carefully characterizes the degradation layer of in vitro 
corroded Mg-based biodegradable orthopaedic compression screws 

(WE43) using micro computed tomography, X-ray diffraction, scanning 
electron microscopy and energy dispersive X-Ray electron microscopy. 
This material characterization is followed by an examination of the 
impact of the degradation layer state on RF-induced heating in MRI of 
WE43 materials. For evaluation, temperature profiles obtained for 
WE43 material are benchmarked against temperature profiles derived 
from a commercial titanium implant screw equivalent. We hypothesise 
that the degradation layer formed around the base material of a 
Mg-based biodegradable screw over time disrupts secondary E-field 
distribution which may lessen RF heating of the surrounding environ
ment, and may benefit MRI aided monitoring of implantation sites. 

2. Materials and methods 

2.1. Sample preparation 

Mg-based (WE43) orthopaedic compression screws (Syntellix AG, 
Hannover, Germany) 40 mm in length and 3.2 mm in diameter under
went in vitro degradation. The WE43 alloy is comprised of magnesium 
alloyed with Yttrium, Rare Earth Elements, and Zirconium [32]. To 
compare the heating profile of a non-degraded WE43 sample to alter
natives, a titanium commercial equivalent was included (Fig. 1). The 
WE43 samples were immersed and corroded in a modified ASTM F3268 
Standard [33] with Dulbecco’s Phosphate Buffered Saline (DPBS). As 
described by the standard, the temperature of the corrosion medium was 
kept at 37 ± 1 ◦C with a pH of approximately 7.4 ± 0.2. A specimen was 
placed in 2.5 L of the medium which was kept constant and replaced if 
evaporation were to occur. If a measured pH registered above a pH of 
7.6, the corrosion medium was treated with a HCl buffering solution. 

24 screws were immersed and degraded in the solution for eight time 
points (three samples per time point) ranging from one-week to eight- 
weeks with an increment of one week. Once the specified immersion 
time elapsed, the samples underwent cleaning with distilled water and 
were rinsed with ethanol to remove salts and prevent further oxidation. 
The Ti sample was assumed to have negligible degradation within the 
time frame of this degradation setup. 

2.2. Material characterisation 

A randomly selected subset of the degraded screws for each time- 
period was chosen to be imaged with various techniques to provide 
qualitative and quantitative data of the degradation layer developed 
under the chosen corrosion method. 

2.2.1. Micro-computed tomography 
The in vitro degraded screws underwent micro-computed tomogra

phy (μCT) to observe changes to the geometry of the screw as corrosion 
time continued. The samples were first imaged by a laboratory μCT 
scanner (Phoenix Nanotom by Baker Hughes, Celle, Germany) with 
scanning parameters described in Table 1. The scans were reconstructed 
in Datos|x (Baker Hughes, Celle, Germany) where potential movement 
caused by the rotating stage was corrected using an optimisation func
tion. The raw data was then segmented using Fiji/ImageJ [34] by first 
applying anisotropic diffusion to reduce noise. Then, a trainable WEKA 
segmentation [35] was applied to segment the base material, degrada
tion layer, and background. Additionally, the segmented base material 
was utilised to calculate the mass loss of the degraded samples. 

2.2.2. X-ray diffraction 
X-ray diffraction (XRD) was performed at P07 side station at the 

PETRA III storage ring at Deutsches Elektronen-Synchrotron (DESY, 
Hamburg, DE) [36] to describe the crystalline structure of the degra
dation layer. An X-ray beam with an energy of 87.1 keV and 0.5 beam 
size was applied to the top of two-, four-, six-, and eight-week time point 
screw samples a total of three times each. A Perkin Elmer XRD 1621 Flat 
Panel Detector (PerkinElmer, Waltham, United States) was placed at 
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1.485 m from the samples. The samples were subjected to 0.5 s of 
exposure time. Lanthanum hexaboride (Lab6) was used as a calibrant. 
The acquired XRD images were processed using Dawn Science 2.18.0 
(Diamond Light Source, Didcot, UK) [37]. Diffractograms were analysed 
using MATLAB R2018 (The MathWorks Inc., US) and averaged along 
with a slice in a direction perpendicular to the screw axis. The final plots 
were normalized according to Mg (101) peak intensity. 

2.2.3. Scanning electron microscopy and energy dispersive X-ray 
spectroscopy 

Scanning electron microscopy (SEM) and energy dispersive X-ray 
spectroscopy (EDX) analysis were employed to characterise the cross 
section along the longitudinal axis of the degraded screws in terms of 
qualitative imaging and elemental composition of the degradation layer. 
Imaging was acquired by a Tescan Vega SB-U III (Tescan, Czech Re
public) at Helmholtz-Zentrum Hereon (Geesthacht, Germany). Images 
were taken in backscattered electron mode (BSE mode) to emphasize the 
differences between the residual material and the degradation layer. The 
EDX measurements were performed as mapping of a chosen region of 
interest. The SEM and EDX measurements details can be found in 
Table 2. Zero-, Two-, four-, six-, eight-week degraded samples were 
embedded in methyl methacrylate liquid and powder (Demotec®, 
Demotec, Germany) before being ground and polished on a Saphir 320/ 
Rubin 520 machine (QATM, Advanced Materialography, Germany). 
Subsequently, the samples were sputtered with carbon to provide 
appropriate conductivity for the SEM and EDX measurements. 

2.3. Temperature measurements during MRI examination 

A 3.0 T (Skyra Fit, Siemens, Erlangen, Germany) MRI scanner was 

used for in vitro measurements. The various degraded samples and ti
tanium equivalent underwent a procedure adapted from ASTM F2182 
[21]. The MR scanning parameters used during the heating measure
ments are summarized in Table 3. 

A rectangular case with dimensions defined by the ASTM Standard 
was constructed from acrylic glass and was filled with a phantom gel. 
The tissue-mimicking phantom was prepared with 1.32 g/L of NaCl 
(Sigma Aldrich, Taufkirchen, Germany), 10 g/L of polyacrylic acid 
(Sigma Aldrich, Taufkirchen, Germany), and 25 L of distilled water. 
Prior to each specimen heating test, local incident field calibration was 
performed as described by ASTM F2182 [21]. 

A non-conducting 3D-printed holder was developed to hold the 
specimen and to guide fibre-optic probes from the thermometry system 
(model T1; Neoptix Inc., Québec, Canada) to the tips of the implants 
which define the highest heating points [38]. A total of three probes 
were used, two placed at the implant ends, and one control probe placed 
on the opposite side of the phantom to measure heating sans implant 
influence. The position of the probes was adjusted between every sample 
scan to ensure the distance between the probes and the implant was 
consistent. The holder with a single screw sample was placed centred 2 
cm from the phantom wall and aligned to the main magnetic field, as 
this position has been previously determined as the location with 
maximum heating [39]. The acrylic case was then placed in a Styrofoam 
insulation container for scanning as illustrated in Fig. 2. 

Prior to heating measurements, the gel phantom was brought to 
scanning room temperature 24 h beforehand. The temperature was 
recorded 2 min before and 2 min after the scanning sequence was 
applied at intervals of 1 s. For each sample, one measurement was taken 
without the sample, and another measurement was taken with the 
sample placed in the phantom to assess the increase in temperature due 
to the device itself. Screw samples from weeks six to eight did not 

Fig. 1. 40 mm Mg-based orthopaedic compression screw MAGNEZIX® CS ø 3.2 (top) and Ti equivalent (bottom), reproduced under the CC BY-NC-ND 4.0 Li
cense [9]. 

Table 1 
μCT measurement parameter details applied to image the 
degraded WE43 screw samples.  

Scanning Parameter Value 

Sample distance [mm] 20 
Detector distance [mm] 200 
Timing per projection [ms] 2400 
Frames per projection 5 
Number of images 2000 
Voltage [kV] 125 
Current [μA] 45 
Isotropic voxel size [μm] 5  

Table 2 
SEM and EDX measurement parameter details applied to image the degraded 
WE43 screw samples.  

Parameter SEM EDX 

Voltage [kV] 15 15 
Magnification [x] 50 2000 
Beam intensity [− ] 10 15  

Table 3 
MRI scanning parameters used during heating measurements of the screw 
samples.  

B0 Field strength [T] 3.0 

RF coil type (transmission) Body RF coil 
RF coil type (reception) 32 channel spine RF array 
Imaging technique Turbo-spin-echo (TSE) 
TR [ms] 5820 
Inter-echo time TE [ms] 6.8 
Echo train length 8 
Imaging Plane Transversal 
Excitation flip angle [◦] 120 
Pulse Width [ms] 1.28 
Transmitter Power [W] 90.7 
FOV [mm] 450 
Matrix size [pixel] 512 
Slice thickness [mm] 3.4 
Total slices 24 
Whole body-SAR [W/kg] 2 
Patient Body Weight [kg] 70 
Number of Averages 20 
Scan time [s] 939  
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succumb to heating measurements as the samples fractured during the in 
vitro degradation process. 

2.4. Statistics 

Statistical analyses were performed using RStudio (RStudio, USA). A 
p-value of <0.05 was chosen to be statistically significant. To compare 
the increases in temperature and mass loss between the various 
degraded WE43 time-points, a two-way analysis of variance (ANOVA) 
was performed. Additionally, the ANOVA test was also applied to 
determine the differences between the WE43 material and the equiva
lent titanium implant. If any significant results were determined, a 
Turkey’s post hoc comparison procedure was utilised to perform pair
wise comparisons. 

3. Results 

3.1. Material characterisation 

3.1.1. Micro-computed tomography 
The degraded specimens were scanned via μCT to capture the 

physical geometry of both the base material and the degradation prod
ucts. Time-points after the fifth week were excluded due to specimen 
breaking during corrosion process. An example is outlined in Fig. 3. 
Non-uniform pitting corrosion is clearly visible from the μCT images 
(Fig. 3A). Segmentation applied to the μCT images (Fig. 3B) successfully 
differentiated base material from the degradation products. From the 
segmented images, it is evident that the degradation layer unevenly 
penetrates the base material from the inner canulation and more 
evidently from the outer surface of the screws. A build-up of degradation 
product is also visible in the cannulation. A fully realised 3D object file 

of the base material is visible in Fig. 3C. 
The segmented base material was utilised to calculate any significant 

differences between the mass loss during the selected degradation pe
riods. The statistical tests revealed a significant difference between the 
degraded timepoints (p < 0.05). A summary of the pairwise comparisons 
are shown in Table 4. 

3.1.2. X-ray diffraction 
Mg(OH)2, MgO, MgCO3, CaCO3, and MgHCO3⋅3H2O degradation 

products were identified by means of XRD as shown in Fig. 4 (left). The 
more predominant peaks observed were contributed by Mg(OH)2 and 
MgO, suggesting the presence of higher crystalline phases of these 
products. With respect to the time course, the intensity of the Mg(OH)2 

Fig. 2. Heating measurement setup based on ASTM F2182 depicting the MRI scanner (A) and the phantom (B). For the temperature measurements the phantom 
setup was moved into the isocenter of the MR scanner. 

Fig. 3. Exemplary results derived from μCT of degraded specimens. The raw μCT data (A) showing a cross-section approximately 12 mm from the top of the screw is 
first segmented (B) to create a 3D view (C). The segmented image shows the base metallic material in green, degradation product in purple, and background pixels 
in red. 

Table 4 
Post hoc significant differences of paired degradation time points (tp).  

Pairwise comparison of degraded tps p-value 

1tp:0tp <0.05 
2tp:0tp <0.05 
3tp:0tp <0.05 
4tp:0tp <0.05 
5tp:0tp <0.05 
2tp:1tp 0.55 
3tp:1tp <0.05 
4tp:1tp <0.05 
5tp:1tp <0.05 
3tp:2tp 0.31 
4tp:2tp <0.05 
5tp:2tp <0.05 
4tp:3tp <0.05 
5tp:3tp <0.05 
5tp:4tp 0.99  
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peaks increased with degradation period, while MgO remained at a 
constant intensity. Additionally, Fig. 4 (right) shows the averaged dif
fractograms from different locations along the screw. The head, middle, 
and bottom of the 8-week corroded samples were selected for analysis 
due to large presence of degradation products. The differences in dif
fractograms taken at the head and bottom of the screw are negligible. 
However, there is a significant increase of Mg(OH)2 peaks in the middle 
section where most degradation products settled within the cannulation. 
Moreover, most of the diffractograms demonstrated a strong amorphous 
signal with a peak at 0.55 Å− 1. Other identified degradation products 
(MgCO3, CaCO3, MgHCO3⋅3H2O) did not show significant changes in 
intensity with time. 

3.1.3. Scanning electron microscopy and energy dispersive X-ray 
Fig. 5 shows SEM images captured with 50x magnification of the 

degraded WE43 screw heads of the cannulated screws over the immer
sion time. For comparison a non-degraded sample (0 weeks) is used as a 
reference. Material degradation is clearly visible with the loss of screw 
threads as immersion time persists. The regular and cracked degradation 
layer develops in the same fashion in the cannulation of the screw as on 
the exterior surface. A decrease in surface smoothness is noticeable as 
corrosion continues. 

EDX was applied to identify and determine the distribution of ele
ments throughout the degradation layer. The following elements were 
detected: Mg, Y, Nd, Zr, Na, Cl, K, P, O, and Ca. The elemental compo
sition was measured as maps and is plotted as graphs of weight per
centage (Fig. 6). Based on SEM and EDX results, the main composition of 
the degradation layer at two weeks is made of Mg and O. Y, Zr, and Nd 
are found to have high concentration near the top of the degradation 
layer and decreases to expected values near the base material. After four 
weeks, Mg and O remain the main components of the degradation layer 
with both contents above 25%. The distribution of the other elements 
remains constant throughout the whole degradation layer with O 
significantly decreasing near the base material. Results after six weeks 
display similar distribution of elements as seen after four weeks. About 
half of the degradation layer is now comprised of O. The degradation 
layer is thick with many visible cracks. At eight weeks, the degradation 

is at the highest and is spread well into the cannulation. The degradation 
layer consists of mainly Mg and O (25% and 50% respectively) with Mg 
rapidly growing as a residual material. There are no observations of 
smooth changes at the interface between the degradation layer and base 
material of the screw. 

3.2. Heating measurements during MRI examination 

Results derived from the heating measurements are summarized in 
Fig. 7. As corrosion time increased, a decline in maximum temperature 
change ΔT was observed, however, there was no apparent quantifiable 
correlation. The highest average temperature increase was seen at 0- 
weeks corrosion at 100% of the screw volume and the lowest tempera
ture increase was observed at 3-weeks of corrosion time. The maximum 
RF-induced heating was measured to be ΔT = 1.20 ± 0.29 ◦C for the 
non-degraded WE43 screw and ΔT = 1.16 ± 0.18 ◦C for the titanium 
equivalent. However, no significant differences were observed. 

4. Discussion 

The increasing number of orthopaedic implantations continues to 
drive the need for post-surgery imaging to monitor bone healing and 
implant placement. MRI of implantation sites provides excellent bone- 
tissue contrast that may aid postoperative care of orthopaedic im
plants. Careful risk assessment of RF induced heating of conducting 
implants is mandatory before MRI can be applied for monitoring of 
implantation sites. Recognizing this need and opportunity, this study 
adds to the literature by examining the material characteristics, corro
sion dynamics, and the influence of the degradation layer on RF-induced 
heating of Mg-based implants. 

Unlike standard titanium and stainless-steel material, Mg-based im
plants degrade over time when exposed to bodily fluid. As a result, the 
chemical composition of the implant and physical geometry change as 
healing occurs. Since material composition and implant form influence 
the RF-heating of metallic implants, our study used various imaging 
techniques to characterise in vitro corroded WE43 screws. It is noted that 
the in vitro degradation technique employed in this investigation 

Fig. 4. Diffractograms for the middle section of the screws after two, four, six, and eight weeks in solution (A). Peak assignment is illustrated with the following 
symbols: ● for Mg, Δ for Mg(OH)2, ○ for MgO, * for MgCO3, ◊ for CaCO3, and □ for MgHCO3⋅3H2O. Diffractograms of the head, middle, and bottom parts of three 
averaged samples after eight weeks of immersion time (B). The intensities are normalized with respect to (101) Mg Bragg’s peak. 

Fig. 5. SEM images of the WE43 screw heads after several time points of in vitro immersion.  
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provides only a partial impression of the complex processes in which 
degradation occurs in the human body, because our in vitro approach 
does not factor in the influence of biological material or cell adhesion 
[40]. 

The results derived from μCT and SEM provide insight into the 
physical corrosion of the screw structure in vitro, which is supported by 
previous literature [40]. The segmented μCT images reveal a statistically 
significant reduction in base metallic WE43 material surrounded by 
degradation layer as weeks progress. The non-uniformity of degradation 
is apparent with pit formations of various sizes. SEM images depict 
surface cracking of the irregular degradation layer. Additionally, the loss 
of threads is apparent in both μCT and SEM images as the original screw 
shape begins to lose definition and transforms into a tube-like structure 
over time. The pitting behaviour seen in Figs. 3 and 5 causes a 
non-uniform degradation layer and a buildup of degradation product 
found in the canulation of the screw. 

XRD findings identified different crystalline degradation products 
along various locations of the screw in Fig. 4. The main degradation 
products were found to be Mg(OH)2 and MgO, which correlates with 
published papers [41–44]. At eight weeks of degradation, a strong 
amorphous signal is visible in the middle of the screw, originating from 
the cannulation which is confirmed by μCT. The presence of this signal 
suggests the degradation products found in the middle of the screw may 
possess a non-crystalline amorphous phase, which may be contributed 

by phosphorus and calcium components [45]. Additionally, a strong Mg 
(OH)2 signal increases over time and may be the main precipitant in the 
cannulation of the screw. The lower signals analysed at both ends of the 
screw suggest a lower presence of degradation material. Thus, the 
degradation material is mostly composed of Mg(OH)2 in both crystalline 
and amorphous forms, which is supported by previous works [40]. 

The EDX analysis revealed high contents of Mg and O as main 
composition of the degradation layer, confirming degradation products 
identified in the XRD results. As time persists, O is determined to take 
further composition of the degradation material. Interestingly, Zr and 
the rare-earth elements Nd and Y were found to have high concentra
tions near the surface of the degradation layer, decreasing towards the 
base material. This “sticking” of rare-earth elements to the surface of the 
degradation layer is caused by mobility of Yttrium [46]. EDX results 
suggest compounds consisting of the rare-earth elements are situated 
near the surface of the samples. Though undetected by XRD in this 
investigation, previous in vitro studies show the identification of Y2O3, 
Mg24Y5, and Mg24Nd5 [47,48]. 

RF induced heating of conducting implants is influenced by a ma
terial’s electromagnetic properties and by the physical geometry. 
Elevated heating is expected at implant lengths half to a quarter of 3.0 T 
RF wavelengths (13–6.5 cm in tissue) in the body [10], which is not 
relevant for the 40 mm length implants investigated in this experiment. 
Since heating is dependent on implant length and main magnetic field 

Fig. 6. Regions of interest measured EDX maps and graphs of weight percentage depending on normalized distance where 0 is the sample surface and 100 is the 
residual metal. Results of samples after 2, 4, 6 and 8 weeks of in vitro immersion. 

Fig. 7. Maximum RF-induced temperature heating at the tip of the screws of different length. A: influence of corrosion time on heating. B: maximum heating as a 
function of remainder screw volume. C: Comparison of Mg to commercial Ti equivalent. 
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strength, the measured temperatures of the selected 40 mm length 
screws analysed in this investigation may not be representative for all 
degradable systems. Moreover, the reported material temperature in
creases of approximately 1 ◦C is well under the threshold in which 
thermal necrosis may occur at 47 ◦C [49]. Though there were no sig
nificant differences between the materials, the non-degraded WE43 
implant yielded a minor increase in RF heating over the titanium 
equivalent (Fig. 7). Winter et al. simulated the secondary E-field dis
tribution of a linear implant while varying the conductivity of the ma
terial [10]. The scattered secondary field was found to create hotspots at 
the implant tips as the conductivity of the material increased. As such, 
WE43 is reported to have a higher conductivity than titanium [50], 
which may justify the marginally elevated heating measured. However, 
Capek et al. have investigated the assumption that current distribution 
on perfect electric conductors and good conductors (such as copper, 
aluminum, and silver) are equal [51]. Therefore, similar heating profiles 
between WE43 materials and titanium are not expected to be signifi
cantly different as noted in Fig. 7. 

As degradation occurs, not only does the physical geometry of the 
WE43-based screws change, but the material composition of the implant 
surface alters as well. As a result, the heating profile of the implant 
changes as the material corrodes. Our results in Fig. 7 demonstrate that 
the maximum heating exists at the earliest stage prior to corrosion, more 
specifically, highest heating at original and largest metallic volume prior 
to degradation, which is supported by previous work [31]. Although 
there are no significant differences highlighted, the maximum temper
ature change found for the degraded implants decreases with degrada
tion time. As corrosion persists two complimentary processes occur, (1) 
the degradation layer continues to develop as (2) the base metallic 
material reduces. 

The base metallic WE43 material degrades over time transforming 
the compression screw geometry into a potential one-dimensional or 
wire-like structure. There is minimal reduction in screw length as the 
implant degrades. The overall diameter of the base material of WE43 
decreases during corrosion. Previous investigations demonstrated that 
maximum temperature rises caused by RF-heating of thin wires during 
MRI studies increase as diameter decreases [52]. Armenean et al. 
describe that the increase in temperature due to the wire diameter 
reduction is caused by an increased secondary E-field. Subsequently, an 
increased secondary E-field is developed onto the neighbouring tissue or 
material. Nonetheless, this finding is not in accordance with the tem
perature changes observed by our study. This indicates that the devel
oping degradation layer may play a greater influence in the heating 
profile of Mg-based materials. 

As verified by the XRD and EDX results, the Mg(OH)2 layer along 
with other non-crystalline products continue to develop during degra
dation and coats the surface of the implant. The physical nature of the 
degradation layer and its electromagnetic properties influence the 
heating profile of the corroded screws twofold. First, the induced sec
ondary E-field sensed by the conductive tissue may be dampened by the 
poorly conductive nature inherent to Mg(OH)2 surrounding the base 
metallic material. Second, the physical corrosion resulting in a non- 
smooth surface of the material may disrupt the development of the 
secondary E-field. Our results demonstrate various sizes of pitting for
mation and developed surface roughness within the cannulation and on 
the surface of the screw. The overall surface smoothness is decreased as 
corrosion persists, which has shown to decrease the “skin effect” of EM 
fields and therefore reduce current density at the surface of the material 
[53–55]. Additionally, the secondary E-field may further be hindered by 
the anisotropic nature of the amorphous degradation material found in 
the cannulation and the non-uniform sticking of heavier rare-earth 
metallic elements on the surface of the material. However, the influ
ence of the amorphous material and rare-earth elements on the sec
ondary E-field requires further investigation. As a result, the 
development of the degradation layer over time may reduce the 
maximum heating detected by surrounding environment. 

The intrinsic degradation capability of Mg-based implants introduces 
limitations into this investigation. The reactive characteristic of Mg- 
based alloys prohibits samples from being tested more than once due 
to the interaction with the water-based phantom medium. As a result, 
multiple samples must be prepared for each time-point which ultimately 
differ based on the non-uniform corrosion, which may be the main 
contributor to the variations in recorded measurements. Additionally, 
WE43 samples could not be placed in the phantom for extended periods 
of time, as bubble formation (hydrogen gas) would occur. Although the 
surrounding area of the temperature probes were verified to be bubble- 
free prior to measurements, few millimetre-sized bubble formation was 
seen sparsely formed on the implant due to the corrosion process. This 
concern justifies an amendment to the ASTM F2182 procedures to 
include verified and standardised protocols to map RF-induced heating 
caused by biodegradable materials using MR thermometry [56]. Our 
investigation focuses on utilising industry in vitro standards and testing 
methodologies as a mandatory precursor to in vivo or clinical studies, 
which would provide further specific information on the impact of the 
degradation layer on RF induced heating of biodegradable orthopaedic 
screw implants during MRI. Animal studies would provide further 
insight on heat dissipation in live tissue and therefor should be inves
tigated in the future. As such, it is important to note that the phantom 
measurements described by the ASTM standard generally provide an 
overestimation of the temperature increase due to the lack of blood 
perfusion, wet tissue convection, and blood vessel conduction effects, all 
of which would be found in vivo and in clinical situations. However, 
previous studies [57] have shown that although the standard implicitly 
assumes conservative measurements, the heating responses measured in 
the ASTM phantom can be greatly underestimated for certain situations 
which should further caution users of the standardised protocol. 

Although RF-induced heating has been investigated for multiple 
permanent implants, future studies should include heating caused by 
multiple implants made of biodegradable materials. Additionally, 
heating profiles of broken Mg-based implants resulting in gaps between 
the original geometry should be investigated as this may occur in vivo 
[58] which presents further safety risks [10]. Moreover, the effects of 
degradation products in terms of layer depth and other degradation 
resultants (hydrogen evolution and pH) should similarly be assessed for 
influence on implant heating. 

5. Conclusion 

This is the first study that evaluated RF-induced heating of Mg-based 
orthopaedic implants during MRI. WE43 screws degraded in vitro for 
various time periods causing decreased RF-induced heating during MRI 
sessions as corrosion time and the formation of the degradation layer 
progressed. This reduction in RF-induced heating may be instigated by 
the decline of the “skin effect” caused by a decrease in surface 
smoothness during degradation layer formation. To conclude, the non- 
degraded WE43 sample poses the “worst-case” scenario, suggesting 
highest heating risk occurs directly after material implantation into the 
body. RF-induced heating was similar for native WE43 screws and for 
the titanium equivalent. Though the current ASTM standard was suc
cessfully utilised in this investigation, our findings support a revision to 
industry safety standards to encompass testing of conductive implanted 
medical devices with verified methodologies which may allow for more 
optimal evaluations of biodegradable materials. 
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Chapter 9

Discussion

While the research conducted in this dissertation has contributed valuable insights
to the field, it is essential to acknowledge its inherent limitations, which present
opportunities for future investigations to enhance our understanding. In Chapter
6, it was challenging to conduct in-depth statistical analyses comparing the two
materials due to the limited number of animals and bone samples available for study.
To provide a more robust and comprehensive assessment, future research should
consider expanding the sample size and including a broader range of time points for
evaluation. Additionally, a thorough investigation into the surface morphology of
the coating would offer a deeper understanding of how PEO-coated WE43 implants
influence the lacuno-canalicular network (LCN).

Chapters 7 and 8 of this dissertation utilised in vitro methods to induce degrada-
tion of the WE43 implants before conducting measurements. While these approaches
are informative, it is crucial to acknowledge that in vitro degradation mechanisms
may not entirely replicate the complex interactions that occur in vivo. To address
this limitation, future studies should explore alternative sample preparation methods
that more accurately simulate in vivo degradation conditions. This would contribute
to a more comprehensive understanding of the behaviour of these implants within
the physiological context. By addressing these limitations and conducting further
investigations, the research community can advance our knowledge of implant materi-
als and their impact on bone tissue, ultimately leading to improved clinical outcomes
and patient care.

9.1 Outlook

The push for deep learning methodologies has witnessed remarkable growth, challeng-
ing conventional image processing techniques across various domains [163, 164, 165].
In the context of TXM imaging analysis, the imperative task of segmentation is
required to discern structures within raw images, primarily contingent upon varia-
tions in intensity levels. Notably, achieving precise segmentation of voluminous 3D
data sets has emerged as a significant challenge. Although conventional segmenta-
tion methods are at our disposal, the imperative to refine and enhance automated
segmentation techniques persists, driven by the dual objectives of augmenting user
convenience and expediting processing time.

In the investigation of the LCN within Chapter 6, a pragmatic approach com-
bining thresholding and manual correction was deployed, adequately fulfilling the

82



requirements of that particular study. However, ongoing efforts have been dedicated
to the refinement of this segmentation methodology through the development of
algorithms rooted in machine learning principles. A pertinent illustration of such
progress was introduced in the work of Baltruschat et al. in 2021, wherein they
introduced an automated segmentation framework tailored for the analysis of large
volumetric data sets. This framework harnessed the adaptability of neural networks,
showcasing superior performance in contrast to semi-automatic segmentation tech-
niques [166]. While this example pertains specifically to the realm of Mg-based
implants, the principles and methodologies it embodies hold promise for adaptation
and application in contexts akin to those explored in Chapter 6. Consequently, the
integration of advanced segmentation methods bears the potential to significantly
enhance the efficiency and efficacy of LCN segmentation surrounding biodegradable
materials, advancing our capabilities in this critical domain of research.

Furthermore, the realm of structural modelling and simulations opens up new
opportunities for conducting functional analyses of the LCN. Following the segmenta-
tion of the LCN in Chapter 6, there was a comprehensive endeavour to measure and
compute various physical parameters aimed at characterising the LCN surrounding
both PEO-coated and uncoated materials. While the discussion primarily centred
around transport efficiency as a descriptor of LCN functionality, it is crucial to
recognise that the potential for exploring additional parameters remains untapped,
offering opportunities for further investigation through computational modelling. In
particular, the domain of fluid flow efficiency within the LCN can be investigated by
harnessing image-based finite element modelling techniques. Previous applications
of finite element analysis have demonstrated their capability to determine critical
parameters such as interstitial fluid velocity and pressure distribution within the
canaliculi [167]. Hence, in the pursuit of comprehensive insights, future inquiries
should contemplate the combination of TXM alongside complementary imaging
modalities and integrating fluid flow modelling methodologies. This approach aids
in the understanding of how Mg-based implants exert their influence on the intricate
architecture of the LCN within bone, potentially uncovering crucial insights with
implications for bone health and medical implant design.

Moreover, computational methods and modelling can significantly accelerate
and streamline the assessment of the safety of biodegradable Mg-based orthopaedic
implants. By employing finite element analysis (FEA) and computational fluid
dynamics (CFD) simulations, researchers can predict the implant’s degradation rate,
mechanical stability, and potential interactions with the patient’s body, such as
corrosion effects and tissue responses, without the need for extensive and costly in
vivo or in vitro experiments. These simulations can be calibrated and validated using
available experimental data and then fine-tuned iteratively. Additionally, machine
learning algorithms can help analyse large data sets and identify critical factors
affecting implant safety. Overall, leveraging computational tools and models in this
manner can expedite the evaluation process, reduce testing expenses, and enhance
the understanding of the implant’s safety profile, ultimately accelerating its approval
for clinical use.
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Chapter 10

Conclusion

This research has made significant strides in the field of biodegradable orthopaedic
implants, particularly those made of Mg. This work leverages novel imaging tech-
niques to explore Mg-based implants, addressing critical questions related to their
behaviour, safety, and impact on bone. From the results of this cumulative work,
the following conclusions can be drawn in response to the objectives presented in
Chapter 2:

The impact of a biodegradable substance on the LCN was explored using non-
invasive 3D imaging for the very first time. In Chapter 6, we concluded that
PEO-coated WE43 implants may induce smoother ellipsoidal lacunar shapes near
the implant surface. In contrast, uncoated WE43 implants may elicit higher LCN
inter-connectivity. Lower degradation rates caused by the PEO coating were shown
to promote rounder lacunar shapes which have demonstrated to be more resistant
to damage. On the other hand, greater canalicular presence was noticed near
the uncoated material which may suggest that material which degrades at higher
rates may elicit a more effective connected LCN, better prepared for canalicular
interruption. Moreover, the innovative imaging methodology employed here holds the
promise of advancing our understanding of the intricate relationship between the LCN
and biodegradable materials. Such relationships could have significant implications
for the design and development of implants with improved biocompatibility and
degradation, ultimately benefiting patients in need of such medical devices.

For the first instance, the artefact behaviour of Mg-based implants has been
quantitatively assessed. In Chapter 7, we identified that metallic artefact production
during MRI caused by WE43 implants reduces with degradation time. The total
artefact volume caused by WE43 implants lessened as corrosion of the implants
persisted. The worst-case scenario for viewing the implant and surrounding area
with MRI may be directly after initial implantation. WE43 implants produced lower
metallic artefact when compared to commercially available titanium equivalents.
This conclusion has significant real-life implications as it supports the consideration of
Mg-based materials as viable options for medical implants, potentially reducing image
distortions and improving the assessment of bone healing through MRI. Reduced
artefacts and clearer imaging directly benefits patient assessment and follow-up.

In a crucial endeavour, patient safety considerations were explored associated
with the transition of Mg-based implants from the realm of research to clinical
application. In Chapter 8, we observed that RF-induced heating of WE43 implants
during MRI lessens as degradation continues. The disruption of the ”skin effect”

84



caused by the formation of the degradation layer may hinder an expected increase
in implant heating. The highest heating safety risk occurs for non-degraded (newly
implanted) samples. Overall, no greater safety risks are introduced when compared
to titanium implant materials. By demonstrating that the heating profile of these
screws decreases with degradation time, the research provides valuable insights for
clinicians and MRI technicians. This information can aid in the development of more
informed and vigilant imaging schedules for post-operative patient care, ultimately
enhancing patient safety and the quality of clinical follow-up for individuals with
such implants.

In conclusion, this research represents remarkable scientific achievements in its
innovative methodologies and its pioneering exploration of Mg-based implants. This
dissertation sheds light on the imaging of Mg-based implants and their effects on the
surrounding environment, offering valuable insights into the morphological alterations
of bone, visibility during MRI, and patient safety considerations in the clinical
application of these implants. These findings largely contribute to the understanding
of Mg-based implant behaviour which guides future research and development in the
field, ultimately benefiting patients in need of orthopaedic implants.
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[34] G. Gasior, J. Szczepański, and A. Radtke, “Biodegradable iron-based materi-
als—what was done and what more can be done?,” Materials, vol. 14, no. 12,
2021.

[35] D. Pierson, J. Edick, A. Tauscher, E. Pokorney, P. Bowen, J. Gelbaugh,
J. Stinson, H. Getty, C. Lee, J. Drelich, and J. Goldman, “A simplified in
vivo approach for evaluating the bioabsorbable behavior of candidate stent
materials,” Journal of Biomedical Materials Research, vol. 100B, pp. 58–67,
2011.

[36] D. Vojtech, J. Kubasek, J. Serak, and P. Novak, “Mechanical and corrosion
properties of newly developed biodegradable zn-based alloys for bone fixation,”
Acta Biomaterialia, vol. 7, pp. 3515–3522, 2011.

[37] I. of Medicine: Food and N. Board, Dietary Reference Intakes: Calcium,
Phosphorus, Magnesium, Vitamin D and Fluoride. Washington, DC: National
Academy Press, 1997.

[38] R. Rude, Magnesium, pp. 527–537. New York, NY: CRC Press, 2010.

[39] R. Rude, Magnesium, pp. 159–175. Baltimore, USA: Wolters Kluwer Health
Adis, 2012.

[40] S. Volpe, Magnesium, pp. 459–474. Ames, USA: John Wiley & Sons, 2012.

88



[41] R. Elin, “Assessment of magnesium status for diagnosis and therapy,” Magne-
sium Research, vol. 23, pp. S194–198, 2010.

[42] E. Huse, “A new ligature?,” Chicago Med J Exam, pp. 172–2, 1878.

[43] F. Witte, “The history of biodegradable magnesium implants: A review,” Acta
Biomaterialia, vol. 6, pp. 1680–1692, 2010.

[44] A. Lambotte, “Technique et indications de la prothèse perdue dans la traitement
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Appendix A

List of Abbreviations

AP Anterior/posterior
ANOVA Analysis of variance
ASTM American Society of Testing and Materials
B0 Main magnetic field
B+

1 RF field transmission
BG Switching magnetic field gradients
BSE Backscattered electron mode
BV Bone volume
Ca.TV Canicular total volume
Ca.TV/BV Canicular porosity
CFRP Carbon-fibre reinforced polymers
CJ Canicular junctions
CJ.N/BV Canicular junction density
CT Computed tomography
Cu Copper
dLC Distance between a matrix voxel and an LCN voxel
dnet Average distance of a canalicular point to nearest lacunae
DCE Dynamic contrast-enhanced
DICOM Digital imaging and communications in medicine
DPBS Dulbecco’s Phosphate Buffered Saline
DX Digital radiography
E-fields Electric fields
ECM Extracellular matrix
ECF Extracellular fluid
EDX Energy dispersive X-ray spectroscopy
EM Electro-magnetic
FOV Field of view
FPCT Flat panel computed tomography
GRE Gradient echo
HF Head/foot
Lc.N Number of lacunae found in the sample
Lc.N/BV Lacunae density
Lc.TV Total volume of the lacunae
Lc.TV/BV Lacunar porosity
LCN Lacuno-canalicular network
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LCN.TV Total volume of the lacuno-canalicular network
LCN.TV/BV Porosity of the lacuno-canalicular network
LR Left/right
MDCT Multidetector computed tomography
ME Maximum ehnancement
Mg Magneisum
MRI Magnetic resonance imaging
MRSA Methicillin-resistant Staphyloccus aureus
ORTH Orthogonal
PAR Parallel
PEO Plasma electrolytic oxidation
PGLA Polylactide-co-glycolide
PTM PGLA/TCP/Mg
RF Radio frequency
SAG Sagittal
SAR Specific absorption rate
SEM Scanning electron microscopy
TAV Total artefact volume
TE Echo time
Ti Titanium
Tp Time point
TR Repetition time
TRA Transverse
TSE Turbo spin echo
TXM Transmission X-ray microscopy
w Weighted
XRD X-ray diffraction
β-TCP β-tricalcium phosphate
µCT micro-computed tomography
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