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Abstract

Biodegradable magnesium-based implants are playing an increasingly important
role in the area of orthopaedic implants as they eliminate the need for a second
surgery to remove the implant, consequently reducing the chance of patients” harm
as well as the financial burden. They aim to replace permanent implants. Not only
the alloying elements and alloy preparation procedure, but also the implant ma-
chining are important aspects influencing the implant’s performance. There is a
need for degradable magnesium-based implants to be fully characterized in terms
of microstructure, corrosion performance in vitro and in vivo due to the implants’
performance differences in these different environments. The implants” degrada-
tion rate and homogeneity characterization has to be completed before they can be
approved for further clinical testing. Additionally, the in vivo experiments provide
information on the implant’s osseointegration into the host tissue. Two magnesium
gadolinium alloys (Mg-5 weight% Gd and Mg-10 weight% Gd) in the shape of M2
screws have been investigated with regards to their microstructure and their degra-
dation performance over 1 - 56 days period in vitro via both weight loss and volume
loss measurements. Investigations were performed via optical microscopy, scanning
electron microscopy / backscatter electrons microscopy, electron backscatter diffrac-
tion and micro computed tomography (nCT). Ex vivo analysis on the same Mg-xGd
alloys at 4, 8, 12 weeks was performed via synchrotron radiation nCT and histol-
ogy towards their degradation performance in Sprague Dawleys’ tibia and bone-
to-implant interaction. In order to gain knowledge about the bone-to-implant in-
teraction parameters bone-to-implant-contact area and bone volume density around
the implant have been investigated. Additionally, in situ synchrotron radiation nCT
imaging of the implant failure during the increase of force on the implant was per-
formed (push-out experiments). Titanium and PEEK implants were analyzed as ref-
erence materials. For the ex vivo experiments, overall 60 animals were chosen for the
implantation of four implant materials. Comparisons with in vitro experiments of
the same implants are performed for the time points 4 and 8 weeks. Moreover, the
potential of high-resolution synchrotron radiation pCT is used to non-destructively
determine the degradation behaviour of a 3D data. As a result, for instance, it is
possible to determine the pitting factor of the 3D implant or to investigate the degra-
dation variation on the different areas of the implant’s thread. Also, the influence
of the microstructure on the implant’s localized degradation is determined in this
work. The latter could make the prediction on the implants ex vivo stability from the
in vitro experiments possible.

In vitro investigations suggested Mg-10Gd to be more suitable as load bearing
implant alloy than Mg-5Gd. It is due to its lower degradation rates, its more ho-
mogeneous microstructure and degradation performance and also due to its weaker
texture. Ex vivo investigations reveal, that Mg-5Gd alloys degrade faster and more
inhomogeneously than Mg-10Gd. Additionally, both Mg-xGd alloys showed bone-
to-implant contact comparable to golden standard Ti implants. In contrast, the PEEK
implants revealed a much lower bone-to-implant contact for all investigated time
points than Mg-xGd and/or Ti implants. After detailed exploration and correlation
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of in vitro and ex vivo results, it is suggested that both Mg-xGd alloys are suitable as
materials for bone implants.
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Zusammenfassung

Orthopédische Implantate aus biodegradierbaren Magnesiumlegierungen gewin-
nen in der Medizin immer mehr an Bedeutung, mit dem Ziel, die vorhande-
nen permanenten Implantate bei tempordren Anwendungen zu ersetzen. Nicht
nur die Legierungselemente und Legierungspréaparation spielen eine grofse Rolle
fiir das Degradationsverhalten solcher Implantate, sondern auch die Implantather-
stellung. Die maschinelle Bearbeitung der Implantate zur Schraubenform, ist
unter anderem, ein wichtiger Aspekt dabei. Um sowohl den Einfluss solcher
Prozessierungsschritte auf den Abbau des Implantats zu untersuchen, als auch
die allgemeine Tauglichkeit des Implantats fiir den Einsatz im Korper zu testen,
ist eine umfassende Analyse der Mikrostruktur des Gefiiges und des Degra-
dationsverhaltens, der Degradationsgeschwindigkeit und -homogenitit, in vitro
und ex vivo von grofier Bedeutung. Die ex vivo Experimente geben zusitzliche
Information iiber die Osseointegration des Implantats in dem Knochen. Im
Rahmen dieser Arbeit wurden zwei Magnesium-Gadolinium-Legierungen (Mg-
5 Gew.% Gd und Mg-10 Gew.% Gd) in Form von M2 Schrauben in vitro un-
tersucht. Immersionsexperimente wurden in einem Zeitraum zwischen 1 bis 56
Tagen durchgefithrt. Es wurden die Mikrostruktur und das Degradationsver-
halten der Schrauben analysiert, wobei hierfiir Lichtmikroskopie, Rasterelektro-
nenmikroskopie im Elektronenriickstreubeugung-Modus und Mikrokomputerto-
mograpie benutzt wurden. Die gleichen Legierungen wurden auch ex vivo im Bezug
auf ihr Degradationsverhalten und Osseointegration untersucht. Dafiir wurden die
Schrauben fiir 4, 8 und 12 Wochen im Rattenknochen in vivo degradiert. Um Erken-
ntnisse {iber die Osseointegration zu gewinnen, wurden Parameter wie Knochen-zu-
Implantat-Kontakt und die Menge des Knochenvolumens in der Umgebung des Im-
plantats untersucht. Ferner wurden in situ Lastexperimente, auch Push-Out Exper-
imente, durchgefiihrt. Dabei wurden definierte Krifte auf die Implantate ausgetibt
und gleichzeitig 3D Synchrotronstrahlung-Mikrotomographiebilder aufgenommen.
Die in vitro Analysen wurden via Massen- und Volumenverlust durchgefiihrt. Die ex
vivo Proben wurden durch Mikrokomputertomographie mit Synchrotronstrahlung
analysiert und die Ergebnisse mit den Ergebnissen der histologischen Untersuchun-
gen verglichen. Als Referenzmaterialien wurden Ti- und PEEK-Implantate eben-
falls implantiert und untersucht. Aufsferdem wurde das Potential der Synchrotron-
strahlung nCT-3D-Daten zur Analyse des Degradationsverhaltens benutzt. Als
Ergebnis, konnten zum Beispiel Pitting Faktor oder die Variation der Degrada-
tionsmenge an den 3D-Datensitzen in verschiedenen Teilen des Implantatgewides
analysiert werden. Ebenfalls wurde nach einem Zusammenhang zwischen der ober-
flachennahen Mikrostruktur der Implantate und ihr lokales Degradationsverhalten
in vitro gesucht. Dies konnte helfen, das ex vivo Degradationsverhalten der Implan-
tate vorherzusehen.

Die Ergebnisse der in vitro Analysen zeigten, dass Mg-10Gd-Implantate eine
homogenere Mikrostruktur, langsamere Degradationsgeschwindigkeiten und eine
homogenere Degradationsstruktur aufweisen als Mg-5Gd-Implantate. Zusitzlich
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verfigen die Mg-10Gd-Implantate tiber eine schwachere Textur als Mg-5Gd-
Implantate. Somit wiirde sich die, durch die Belastung entstandene, auf das Im-
plantat wirkende Kraft, homogener in Mg-10Gd verteilen als in Mg-5Gd. Auch ex
vivo Analysen bestdtigen die Tendenz der langsameren Degradation der Mg-10Gd-
Schrauben im Vergleich zu Mg-5Gd-Schrauben. Beim Vergleich von in vitro und ex
vivo Degradationsgeschwindigkeiten, bauen sich die ex vivo Schrauben langsamer
ab. Dartiber hinaus zeigten die Implantate der Mg-xGd-Legierungen eine gute
Knochenintegration, vergleichbar zu der von Titanimplantaten. Dahingegen wiesen
die PEEK-Implantate zu allen Zeitpunkten eine wesentlich niedrigere Knocheninte-
gration als Mg-xGd- und Titanimplantate auf.

Nach einer ausfiihrlichen Untersuchung und Korrelation der in vitro und ex
vivo Ergebnisse, zeigten sich die Mg-xGd Materialien geeignet fiir den Einsatz als
Knochenimplantate.
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Chapter 1

Motivation and Objectives

1.1 Aim of this Work - Investigation of Biodegradable Mag-
nesium Implants

Depending on different applications, e.g. orthopaedic, oral/dental, cardiovascular,
implants can be made from different materials to result in the desired properties [1].
The materials mostly used as temporary implants nowadays are non-degradable
metals, ceramics, polymers or composites [1].

In contrast to permanent implants, e.g. joint implants, which are supposed to
stay in the patient for decades, implants meant for temporary bone support, such as
screws, plates or nails, have to be removed after healing [2]. Keeping the permanent
implants in the body can lead to complications especially in case of children, since
permanent implants could compromise their growth [2].

To avoid this costly and risky implant removal procedure it is desired to use
implant materials, which would degrade during the healing period [3]. This also
prevents the possible release of toxic metallic ions and/or particles through corro-
sion or wear processes, hence preventing the possible inflammatory cascades, thus
reducing the biocompatibility and cause tissue loss [4]. Also the stress shielding ef-
fect would be reduced, which leads to reduced stimulation of new bone growth and
remodeling, and thus decreases the implant stability [4].

The requirement of biodegradation is fulfilled either by biodegradable polymers
or biodegradable metallic implants. It has been proven, however, that the mechan-
ical and degradation properties of biodegradable polymeric implants significantly
decrease in physiological environments, thus limiting them as load bearing implants
[5]. In addition to available zinc or iron-based metallic degradable implants, mag-
nesium (Mg) alloys are showing optimal strength, adjustable corrosion rate and ad-
justable compliance [6]. Released Mg?* ions do not cause cellular toxicity in the
body if below a critical concentration and are expelled along with urine [7]. In ad-
dition, Mg is essential to the human metabolism as a cofactor of many enzymes and
facilitates tissue-healing [1].

The high degradation rate under physiological conditions is the major limitation
of Mg and can cause a reduction in the mechanical integrity of the implant before
the bone or tissue is sufficiently healed. Rapid production of hydrogen gas as a
result of too fast degradation can lead to the formation of gas bubbles around the
implant, which causes separation of tissue layers and delays the healing of the tis-
sue [8] (necrosis of surrounding tissue might be the result). In the worst case, the
evolution of the gas bubbles may block the blood stream, which can be lethal [9].
An additional undesirable effect of rapid degradation is the pH increase in localized
areas next to the implant, which is harmful for the cells [2]. Thus, the degradation
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rate of Mg implants must be such that the cells can synthesize and deposit an extra-
cellular matrix for their own support and function before the structural integrity of
the implant is compromised.

Since pure Mg doesn’t provide sufficient strength for load bearing applications,
alloying elements are added such that the mechanical properties of the alloys are
suitable for implant applications. By alloying, the implant’s density, elastic modulus
and yield strength can be tailored close to those of human bone [1]. The investi-
gation of the synergetic effect of mechanical loading and in vivo corrosion are very
important in the context of Mg implants being applied as load bearing implants. De-
pending on the Mg alloy, the latter can be a reason for sudden implant cracking or
failure, due to stress corrosion cracking and corrosion fatigue [10].

It has been shown that through addition of rare earth elements (REE), specifically
gadolinium (Gd), to the high purity Mg matrix (5-10 weight percentages [wt.%] Gd)
the corrosion resistance of the alloys” mechanical properties are improved [11]. Such
alloys exhibited sufficient strength and toughness and, thus, could be well used as
biodegradable load-bearing alloys [10, 12]. One of the important effects of REE on
the corrosion resistance of Mg is the so-called “scavenger effect”. It is an effect,
where the influence of impurities in Mg, like iron (Fe), is eliminated due to the for-
mation of the intermetallic phases between the REE and the impurity [13, 14]. The
toxicity of Gd is still a concern because of its unknown health impact [13, 14]. Ad-
ditionally, it has been found that Gd accumulates in animal organs [13]. However,
in other studies it has also been demonstrated that the toxicity of Gd is within the
acceptable level and that Mg-xGd alloys can be considered as good candidates in
medical applications [15-17]. It has been shown, that Mg-10Gd retains its cytocom-
patibility and could even improve osteoblast-induced mineralization [18], and that
the cells grown on Mg-10Gd develop and generate healthy cellular structures that al-
low them to have a good adhesion to the surface [19]. So, by providing the essential
requirements, like initial mechanical stability, a suitable corrosion rate and ensuring
the biocompatibility, Mg-xGd alloys are a possible choice as implant materials [20].

The most typical corrosion types of Mg are galvanic, intergranular, pitting or
crevice corrosion, which occur in physiological environments [21, 22]. Since the
irregular, localized pitting corrosion may lead to implant failure [23, 24], an alloy
that tends to pitting corrosion should be excluded from being considered as im-
plant material. Such implants could fail before the bone is sufficiently healed. There
is literature on the in vitro experimental results on the implant itself [25], but the
combination of ex vivo, in vivo and in vitro quantitative investigation of degradation
homogeneity of potential pin or screw fixation implants, are missing. To the best of
our knowledge, up to now information only on the pitting behaviour of the used
implant’s bulk material is available [26].

The focus of this work is to characterize the degradation of Mg-xGd alloys screws
through several experiments and various analysis methods. The analysis of the in
vitro and in vivo performance of two Mg-xGd implants with 5 and 10 wt% Gd based
on high-resolution synchrotron radiation micro computed tomography (SRuCT) are
presented here. In this regard the connection of the microstructure (SEM, BSEM,
OM) of the alloys and their degradation behavior was investigated. Mass loss ex-
periments are the most common experiments of the biodegradation rate investiga-
tion. Although it provides clearly defined data about the degradation rate, it doesn’t
provide information on the degradation homogeneity [27]. This work suggests to
combine mass loss experiment and volume loss measurements from uCT to gain
full information about the degradation rate and the homogeneity. Short and long
time in vitro immersion tests (1-56 days) were performed in two different immersion
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media. A comparison of weight loss and volume loss for the quantificationof the
degradation rate was performed.

In this work the potential of SRuCT to determine degradation performance of
Mg-xGd alloys, as well as its influence on the implants osseointegration is demon-
strated [28]. Utilizing SRuCT was also possible to assess the bone microstructure
from ex vivo experiments. The degradation rate (DR), mean degradation depth
(MDD), pitting factor (PF), bone to implant contact (BIC), bone volume fraction
(BV/TV) have been investigated in explants of rat tibia. The Mg-5Gd and Mg-
10Gd implants were implanted for 4, 8 and 12 weeks and investigated, using a
non-destructive 3D imaging technique. As comparison, screws of titanium (Ti) and
polyetheretherketon (PEEK) have been implanted. Furthermore, the influence of mi-
crostructure variation on localized degradation at implant screws was determined.
In addition, new ways of assessing this behavior is presented, e.g. by studying the
degradation in terms of a crest to root ratio for implant screws. The latter can be
useful in the prediction of the implant’s performance in the certain area of the bone
in vivo.

Additionally, a comparison of the ex vivo and in vitro degradation behaviour at 4
and 8 weeks of Mg-xGd alloys was performed.

To gain insight into the implants performance under load, which will be the case
for a real implant in the body, load experiments on the ex vivo samples were carried
out. The bone-to-implant interface of the explants were investigated using a cus-
tomized push-out device under static load conditions. A precondition for the push-
out experiment was, that the longitudinal axis of the screw is parallel to the loading
direction. Since the positioning of the screw in the bone didn’t fulfill this precon-
dition just by explantation, custom made sample holders had to be developed and
3D printed for each sample separately. The information about the maximum force
gave insights into the failure mechanisms of the bone-implant interface. Different
forces, depending on different healing times, hence different osseointegration stages
and therefore different forces needed for breaking the interface were expected [29].
The 3D tomographic images in connection with all the other data sets, like histology
data and SAXS, which were investigated in co-projects, shed light on the implant’s
failure mechanism.

Aiming to gain scientific information on the in vivo, in vitro degradation perfor-
mance of the Mg-xGd alloys and the bone response, the technical issues have also
been solved in scope of this work. Speifically, an automatic image processing and
semi-automatic 3D image analysis was developed, making the quantitative analysis
of the degradation performance possible. Part of the semi-automated segmentation
was developed in a masters thesis that I co-supervised ("Investigation of the corro-
sion of magnesium alloy Mg-10Gd implants using tomographic methods on ex vivo
samples").

Overall, my work has contributes to 8 publications funded by the project Syn-
chroload (BMBF project number 05K16CGA) in cooperation with Project MgBone
(BMBF project number 05K16CGB)). A list of publications can be found in chapter 7.






Chapter 2

Theoretical Background

2.1 Bone - Fracture and Healing

"The skeleton, out of sight and often out of mind, is a formidable mass of tissue
occupying about 9% of the body by bulk and no less than 17% by weight. The sta-
bility and immutability of dry bones and their persistence over the centuries, and
even millions of years after the soft tissues have turned to dust, gives us a false idea
of bone during life. Its fixity after death is in sharp contrast to its ceaseless activity
during life.” [Cooke 1955]

The skeleton of all higher vertebrates consists mainly of bone [30]. Bone protects
the internal organs, while simultaneously supporting the body structure. Moreover,
it provides space for haematopoiesis (the formation of blood cellular components)
in the bone marrow and performs the function of an attachment site for the muscles
enabling mobility [31, 32].

Being a part of the connective tissue, bone, also called osseous tissue, has a large
amount of two different types of matrix materials, organic (protein - collagen) and
inorganic (minerals - hydroxyapatite). The organic material is similar to other con-
nective tissues, as it includes some amount of collagen and elastic fibers. These give
the strength and the flexibility to the tissue. Mineral salts, mostly where calcium
phosphate is included, make up most of the inorganic matrix, which are the reason
for the tissue hardness. In case of inadequate amounts of organic material in the ma-
trix the tissue would break. On the other hand in case of a lack of inorganic material
the matrix tissue would bend too easily.

The bone structure is illustrated in figure 2.1. White and Folkens [33] report that
all the bones of the adult skeleton consist of two basic structural components: com-
pact and spongy bone. The compact, or cortical bone, which consists of osteons, is
the solid and dense bone. It is making up the walls of bone shafts and on exter-
nal bone surfaces. The Haversian canals, which are in the middle of the osteons,
consist of blood vessels, nerves and lymphatic vessels. The Haversian canals are
surrounded by rings of lamellae and the hollow areas between the lamellae are the
lacunae. The osteocytes (the cells that lie within the fully formed bone) are placed in
the lacunae. Atjoints the compactbone is covered by cartilage and is called subchon-
dral bone. In contrast, the spongy bone is porous, lightweight and has the structure
of a honeycomb. It is under protuberances where tendons attach, in the vertebral
bodies, in the ends of long bones, in short bones, and sandwiched within flat bones.
This spongy bone is also called cancellous or trabecular bone.
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FIGURE 2.1: Bone structure: the compact, dense bone is placed on the outside of the bone.
Inside is the spongy, porous bone with web-like trabeculae. Compact bone consists of
osteons, blood vessels, nerves, and lymphatic vessels are going through (central Haversian
canal) the middle of the osteons. These Haversian canals are surrounded by rings of
lamellae. The hollow areas between the lamellae are lacunae, which are connected to each
other via microchannels, called canaliculi. Visible are also the osteocytes in the lacunae, the
bone removing osteoclalts, and the bone building osteoblasts. Image with permision from
[34]

Bone is the major supportive tissue. White and Folkens [33] mention bone as one
of the strongest weight bearing biological materials, being simultaneously a very
lightweight material. During running human bones at the knee joint bear forces,
which are nearly five times the weight of the entire body.

Once the force acting on the bone extends the ultimate tensile strength, the bone
is going to break. In general, the bone fractures are categorized by the 1) position
of the bone ends (non-displaced or displaced), 2) completeness of the fructure (in-
complete or complete), 3) orientation of the fructure (linear or transverse) and 4)
penetration of skin (compound or simple). In addition it may be fragmented [35].

In some cases is it enough to have a plaster cast around the fractured bone to
hinder the movement such that the bone healing process can take place. However, if
there is a movement of the broken bone parts towards each other, a surgical fixation
on the bone with screws or plates is needed for the proper healing.

Depending on the condition present at the injured tissue there are different ex-
tents of the cortex, the periosteum, the bone marrow and the external soft tissue
being involved in the healing process [36]. These conditions might be the level of
growth factors, hormones, nutrients, pH, oxygen tension, the electrical environment,
and the mechanical stability of the fracture [37].

There are two general types of fracture healing processes: direct (primary) and
indirect (secondary). In the case of the direct healing process, the healing takes place
without presence of a callus, either with "contact healing" (when the gap between the
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bone ends is less than 0.01 mm) or "gap healing" (when the gap between the bone
ends is between 800 um and 1 mm) [38, 39]. This process takes place only after rigid
surgical fixation, or in case with a partial crack in the bone, a so-called "unicortical"
fracture, where the remaining bone holds everything rigid. But most common is the
indirect, secondary bone healing process. John Hunters (1728-1793) frame of fracture
healing process divides it in three main groups: 1) the inflammatory phase, 2) the
reparative phase and 3) the remodeling phase. An approximate period of time of the
fracture healing stages is presented in figure 2.2 [40].

1) The inflammatory process is a trauma response that includes three different
stages:

1.1) hematoma stage: Following injury, the vascular disruption leading to acute
necrosis occurs and local acidosis and hypoxia of bone, periosteum, bone marrow
and soft tissues takes place. The activation of thrombotic factors follows, resulting in
blood clot formation in fracture site. Hematoma is the source of signaling molecules
that have the capacity to initiate cascades of cellular events that are critical to frac-
ture healing [41]. Osteocytes deprived of nutrition at the fracture ends die and play
a passive role in the repair process;

1.2) inflammatory stage: Macrophages and other immune cells (like monocytes,
lymphocytes and leucocytes) are brought to the fracture site and are essential in
secreting pro-inflammatory cytokines [42]. Mainly, they affect the induction of ex-
tracellular matrix synthesis, the angiogenesis stimulation. Moreover, they have a
chemotactic effect on circulating immune, mesenchymal cells and the recruitment of
endogenous fibroblasts [43]. Activated platelets release growth and differentiation
factors to the induction of ossification;

1.3) granulation tissue stage: In this stage the following organization of hematoma
takes place; capillary buds grow from endosteal circulation. Hereby, the damaged
material is being removed, the dead calcified bone resorbed, macrophages activated.
Simultaneously, the modulation of undifferentiated mesenchymal cells into chon-
droblasts, osteoblasts and fibroblasts takes place. The temporary tissue is replaced
by fibrocartilage.

2) The reparative phase is generally improved by micromovement and stopped
by fixation [44]. Here, the osteoprogenitor and undifferentiated mesenchymal cells
are integrated into the callus tissue, which will be differentiated into skeletal cells
afterwards . In this phase one of the following two processes take place:

2.1) The intramembranous ossification stage: The bone is build directly without the
formation of a transitional cartilage tissue.

2.2) The endochondral ossification stage: It takes place next to the fracture and con-
sists of two processes. During the first process, called chondrogenesis, the mes-
enchymal cells are recruited, attached and proliferated. Here, they are differentiated
into growth cartilage while angiogenesis takes place. The second process, which par-
tially overlaps with the first one, is the endochondral ossification. It is a sequence of
cartilage calcification, cartilage removal and bone formation.

3) The last phase, the remodeling phase also consists of two processes in order
to replace the freshly built bone with actual, lamellar bone tissue. At the same time
the callus size is being reduced and the normal vascular supply ensured.

3.1) In the first process the basic multicellular unit (BMU) replaces the woven bone
with the lamellar one and the callus between the ends of compact bone with new
osteons. These are aligned parallel to the compression and tension stress and strain,
which arise from mechanical use or muscle forces [45].

3.2) In the second process the external surface of bone is remodeled with osteoclasts
(bone removing cells) and osteoblasts (bone building cells).
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FIGURE 2.2: Stages of fracture healing in rodents subjected to internally stabilized
experimental long bone fractures, as described by Bonnarens and Einhorn [48]. Image with
permission from [40].

This third phase takes place between 1 and 4 years. As a result, the bone strength
is returned to its initial strength and the chance of re-fracture decreases [46, 47].

2.2 Implants

To preserve anatomic shape, restore function and obtain rapid healing without any
local and/or general complications, nonsurgical and surgical treatments are applied
[49-51]. Examples for nonsurgical treatments are bracing with plastic apparatus and
immobilization with casting. External or internal fracture fixations are indicated as
surgical treatments.

The materials of which the medical implants are engineered from are biomate-
rials, namely ceramics, polymers or metals. The definition of a biomaterial can be
taken from International Union of Pure and Applied Chemistry: "A biomaterial is a
material exploited in contact with living tissues, organisms, or microorganisms" [52].
According to other definitions: "A biomaterial is any matter, surface or construct that
interacts with biological systems" [53] or "Biomaterials are generally synthetic, non-
living materials for therapeutical (e. g. implants) and diagnostical use in medicine
and direct contact to biological tissue. Thus, they are in chemical, physical and bio-
logical interaction to the biological systems (cells, extracellular matrix, body fluids,
etc.) and must fulfill biocompatible properties — with long-term reduction of nega-
tive influence (inflammation, immunological, toxicological, mutagenic, allergic, etc.)
to the surrounding tissue" [54].

An overview about the requirements for biomaterial for implants is described in
[55]. The general requirements towards the internal fixation devices made of bioma-
terials are offering a suitable mechanical environment for fracture healing, sufficient
strength, biocompatibility and, in the case of non-biodegradable implants, corrosion
resistance. Known non-degradable implant materials, which fulfill the requirements
to be called a biomaterial, are cobalt-chrome (CoCr) alloys, stainless steel and tita-
nium (Ti) alloys. They are mostly being used as internal fixation [51]. In addition to
Mg, tungsten (W), zinc (Zn) and iron (Fe) are described as metals, which can degrade
in physiological environments [56].

2.2.1 Surgical Implants for Fracture Fixation - Screws

There are four main categories of internal fracture fixation devices: 1) plates and
screws, 2) external fixation, 3) intramedullar devices (rods or nails), 4) wires and
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FIGURE 2.3: A) Radiographs showing cortical and cancellous screws for fracture fixation in
proximal femur. Image with permission from [58]. B) Schematic of a typical screw thread
with several bone describing parameters. Image with permission from [57]

cables [57]. Exemplary internal fixation screws are shown in figure 2.3A.

Bone screws, being the most widely used orthopedic fracture fixation devices,
must be strong and secure enough to allow early mobilization of the injured part, as
well as the entire patient. Thus, for an increase in the contact area and in the stability
between fragments as well as a decrease of the stress on the implant, compression
is used whenever possible [57, 59]. The attachment of plates or the provision of in-
terfragmental compression is performed with the help of screws. Simultaneously,
during the healing process, a prevention of displacement and a support of the frag-
ments is taking place [59].

There are several types of screws in different sizes for this purpose. The typical
parameters of a surgical screw are presented in figure 2.3B. The difference between a
cortical and a cancellous bone screws is in the depth of the thread , in the number of
threads and the depth of the screw. The threads of a cortical screw are more in count
and are lower than the ones of cancellous screws. Since the cancellous screws have
greater thread depth, thus increased surface area, hence they provide improved hold
than the cortical screws [57, 60].

2.2.2 Non-Biodegradable Permanent or Temporary Implants

The mechanical properties of bones don’t match well with the ones of most the
bioimplant materials [61]. A comparison of the mechanical properties can be found
in table 2.1 [62].

The mismatch of the mechanical properties may cause stress shielding, which is
the reduction in bone density (osteopenia) occuring when the the typical stress expe-
rienced by bone is removed by an implant [63]. This could lead to aseptic loosening
[64] for example. In case of stainless steel, where the oxide of stainless steel becomes
conductive [65, 66], it can also stimulate an inflammatory response. All the men-
tioned potential complications in connection with implants are of extra importance
of course in the case of implantations for children.

After the fracture has healed most non-degradable implants remain in the body,
which often causes, next to the above mentioned reactions, discomfort and makes a
second, implant removal surgery necessary. The need of the second implant removal
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TABLE 2.1: Some mechanical properties of chosen materials [62]

Tissue/Material Density (g/cm®) | Compressive strength (MPa) | Tensile strength (MPa) | Elastic Modulus (GPa)
Natural Materials
Arterial wall - - 0.5-1.72 0.001
Collagen - - 60 1.0
Collagen (Tar tail tendon) - - - 3.75-11.5
Cancellous bone 1.0-14 15-93 15-38 0.01-1.57
Cortical bone 1.8-20 160 Trans. 35 Trans. 5-23
240 Long. 283 Long.
Magnesium Alloys
Pure magnesium 1.74 20-115 90 - 190 45
AZ31 (Extruded) 1.78 83-97 241 - 260 45
AZ91D (Die cast) 1.81 160 230 45
Other metal alloys
Cobalt-Chrome Alloys 7.8 - 450 - 960 195 - 230
Stainless Steel 79 - 480 - 620 193 - 200
Titanium Alloys 4.4 - 550 - 985 100 - 125
Ceramics
Synthetic-Hydroxyapatite 3.05-3.15 100 - 900 40 - 200 70 -120
Alumina Ceramics (A1203 80%-99%) 3.30-3.99 2000 - 4000 - 260
Polymers
Polymethylmethacrylate (PMMA) 1.12-1.20 45-107 38-80 18-33
Polyethylene-terephthalate (PET) 1.31-1.38 65 - 90 42-80 22-35

surgery has been discussed in detail in [67]. The solution of this problem is the
development of biodegradable implants.

2.2.3 Biodegradable Temporary Implants

Biodegradable implant materials include natural / synthetic polymers and hy-
drolyzable metals [68]. There are several benefits when choosing a biodegrabale
implant over a non-biodegradable one. The main ones are: 1) temporary sufficient
mechanical support, due to mechanical properties more similar to the ones of bone
[61], 2) decrease of health care costs, postoperative inflammatory reactions and pa-
tient morbidity due to avoidance of a second, implant removal surgery [67], 3) po-
tential inherent repair, via osteoinduction. Osteoinduction is the process by which
new bone formation (osteogenesis/ossification) is induced. [61, 69, 70].

The aim of a biodegradable orthopedic implant is to support the fracture struc-
ture, first by having an adequate strength. The bone healing process should then be
accompanied by not too fast degradation process of the implant - not before the bone
healing occurs. Hereby, the load would gradually be transferred from the implant to
the healing tissue. During the implant degradation the break down products should
be well tolerated by the host without any mutagenic or immonogenic tendencies and
incorporated into the normal biochemical and cellular physiological processes [71].

After implantation of the surgical device, an immediate host response begins,
which consists of the general bone healing processes (described in 2.1). In case of
biodegradable implants, the extent of these processes highly depends on the degra-
dation products and degradation kinetics [68]. Additionally, the host response af-
fects the degradation process, which results in further changes in the morphology,
structure, mechanical properties, consequently, the performance of the implant. A
disadvantage of degradable polymers over degradable metals is polymers causing
a "foreign body reaction" [72]. The degradation of polymers creates an acidic pH
environment, which then enhances formation of osteoclasts and diminishes the for-
mation of osteoblasts [61, 73].

Basic requirements to biocompatible, biodegradable implants are the non-
toxicity of degradation products and a good solubility, thus they can be easily ex-
tracted from the body with urine. These requirements are fulfilled by Mg implants
[4, 74].
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2.2.3.1 Magnesium and its Alloys

Magnesium (Mg) Mg occurs naturally only in combination with other elements,
where it has a +2 oxidation state. The metal, a so-called free element, which can
be produced artificially, is highly reactive. It was discovered by chemist Humphery
Davy in 1808 [75], is a shiny gray solid, has the atomic number 12, and is in the sec-
ond group in the periodic table and belongs to the alkaline earth metals. It is one
of the light metals with a density of 1.74 g/cm?. In the earth’s crust Mg is the 8th
most abundant element, in the universe the 9th and due to its ion’s high solubility in
water, it is the 3rd most abundant element dissolved in seawater [76]. When being
exposed to the air a process called passivation takes place. As result of it the Mg is
covered by an oxide layer, which partially inhibits its reactivity. Information on Mg
degradation products and their influence on the body can be found in [77].

Overall, it has been found that Mg is a co-factor for more than 300 enzymatic
reactions, where it is crucial for adenosine triphosphate (ATP) metabolism [78-80].
There are 21-28¢g of Mg in the body of an adult, where 60% of it is in the bone, 30% in
the muscles, 19% in the soft tissue and 1% in the extracellular matrix [80]. Thus, Mg
is very important for all the steps of replication and transcription of deoxyribonu-
cleic acid (DNA), translation of messenger ribonucleic acid (mRNA) and is neces-
sary for the energy balance of the cells [81]. The kidney is the organ, which mostly
regulates the concentration of Mg. But also parathyroid hormone, vitamine D and
calcitonin adjust the mount of Mg in the body [81, 82]. A low level of Mg in the
body, Mg deficiency (hypomagnesemia), is an electrolyte disturbance, the reasons
for which may be alcoholism, diarrhea, increased urinary loss, low dietary intake,
poor absorption from the intestines and diabetes mellitus [83-85]. Symptoms of Mg
deficiency could be tremor, muscle spasms, poor coordination, loss of appetite, per-
sonality changes, and nystagmus, whereby the complications may include seizures
or cardiac arrest [83]. On the other hand, the symptoms of hypermagnesemia are
confusion, weakness, decreased breathing rate, and decreased reflexes [83]. In this
case the complications could include low blood pressure and cardiac arrest [83, 86].

Since most of total Mg in the body is stored in the bone it serves as a reservoir
of exchangeable Mg useful to maintain physiological extracellular concentrations of
the cation. One third of it is located in the cortical bone either on the surface of
hydroxyapatite or in the hydration shell around the crystal [7, 87, 88].

The larger amount of Mg in bone is probably saved as an integral part of the

hydroxyapatite crystal and the result of its release is the resorption of bone. Besides,
apart from its importance in the structural role in the crystals, Mg is essential to all
living cells, including osteoblasts and osteoclasts [87].
In the case of hypomagnesemia the influence of parathyroid hormone on the bone
is being locked, thus osteoclasts are being reduced and as a result the stability of the
bone is also being reduced [80]. On the other hand, in case of hypermagnesemia,
during which the osteoblasts show a high activity, an unwanted bone shortening
and thickening [89, 90] is observed.

During degradation the metal is gradually degraded via an electrochemical re-
action with their environment. Hereby; it is possible that the material loses its func-
tionality [91].

The main reaction partner of Mg and its alloys in the living organism is the water.
The redox reaction with its anodic and cathodic reactions is shown below:

Anodic reaction: Mg(s) — Mg>" +2e~
Cathodic reaction: 2H>O +2¢~ — Hy(g) +20H™
The overall reaction is then: Mg(s) + 2H,O — Mg** +20H~ + Ha(g)
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Mg hydroxide and gaseous hydrogen are formed on the material surface as result
of reaction between the Mg and the water from the body fluids [80, 91-93].

The produced hydrogen in the cathodic reaction increases the pH of the local
environment to more basic [92, 93], which is harmful for the cells [2] and in case of a
fast degradation the amount of the formed hydrogen might overrun the amount of
hydrogen, which the organism can resorb, thus gas bubbles arise [70].

In theMg degradation process the formed magnesium hydroxide layer would
serve as degradation retarder, but it also has a positive effect on the bone regen-
eration process [94, 95]. However, this protective magnesium hydroxide layer is
being dissolved to accelerate the degradation process if there is too high chlo-
ride concentration (higher than 30mmol/L) in the plasma. Thereby, the chloride
ions react with the magnesium ions to water soluble magnesium chloride [93]:
Mg(OH),+2Cl~ — MgCl, +20H™.

The result of this process could be the extremely localized corrosion, leading to
small, but with the time increasing holes on the implant [4].

On the other hand Yang, Hort, Willumeit, and Feyerabend [96] found out, that
the accelerative influence of those chloride ions on the degradation is being weak-
ened by the protein layer, which arises on the surface of the implant right after the
implantation. The amino acids are able to bind to the Mg?* cations, hence keeping
them in the solution and reducing the degradation rate [97].

Willumeit, Feyerabend, and Huber [98] showed in vitro, that CO,, which is a part
of the bicarbonate buffer system, also plays an important role in the degradation
process. A concentration of the CO, above 5% in the degradation solution forms
magnesium carbonate as another degradation product: Mg + H,CO3 — MgCO3 +
H,.

Although, depending on the conditions, the mentioned Mg(OH), is one ot the
main crystalline degradation product of Mg and its alloys upon exposure to aque-
ous media, it is not the only product to be expected [99, 100]. Previously, dur-
ing an in vivo study Xu, Yu, Zhang, Pan, and Yang [94] found magnesium con-
taining calcium on the surface of Mg-Mn-Zn alloy. During the in vitro degrada-
tion of magnesium rare earth alloys a complex product with the general formula
(Mg, Ca),(POy4),(CO3).(OH), was found [100, 101]. Also, many authors reported
the formation of magnesium carbonates during the degradation of pure magnesium
in different aqueous media [97, 100, 102].

However, not just the physiological environment has an influence on the degra-
dation rate of Mg or Mg alloys, but also the processing parameters of the implants
play an important role.

Impurities, like Fe, Si, Cu and Ni [103] play a very important role in the degra-
dation rate of pure Mg. Because of the extraction process it is not possible to achieve
100% pure Mg, thus the typical impurities in Mg are iron, nickel, copper and beryl-
lium [80]. Acting as galvanic cells in the material they increase the degradation
process [92].

It has been shown, that implants with porous or rough surfaces degrade faster
than the ones with smooth surfaces [104, 105]. Several studies revealed, that alloys
with smaller grain sizes degrade faster than the ones with bigger grain sizes [106—
108]. On the other hand more recent investigations have been showing that the grain
size doesn’t have any significance influence on the degradation rate [109].
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Rare Earth Elements (REE), in particular Gadolinium(Gd)

Very early after their discovery it was found that REE possess antimicrobial, an-
tiviral, anticarcinogenic and anticoagulant properties [110]. Nowadays, there are
investigations on the potential usability of these metals in the therapy after inciner-
ation, diagnosis and therapy of tumors and in the therapy of hyperphosphataemia
[80, 110, 111].

However, depending on the application as well as on the species, its sex and body
weight, these metals can be very toxic to the adult body [111]. Feeling of unwellness,
difficulties during breathing, apathy and even sedation are described as symptoms
of intoxication [112].

The lanthanoids have big similarities with calcium. Because of their similarity
regarding their atomic size, it is possible that lanthanoids by mistake replace calcium
in several areas, like the replacement of the calcium in the calcium channels (ion
channels, which are selective permeability to calcium ions) [110]. The latter would
lead to the blockade of the channel [80, 110, 111].

Additionally, it has been shown that lanthanoids can react in vitro with a lot of
cell organelles, with the cell proteins and enzymes, but can also penetrate into the
healthy cells [80, 111].

Gadolinium (Gd) is a REE and a lanthanoid. There are a lot of advantages and
disadvantages associated with the usage of Gd in medicine. Although Gd based
contrast agents (GBCA) are the most widely used contrast agents for magnetic reso-
nance imaging (MRI) since their introduction into clinical practice in 1988 [113], its
toxicity is still a topic for discussions. For example, at the neurons, the free Gd ions
(Gd3*) can lead to direct release of neurotransmitters. The result of this could be
the wrong reaction of the "stress response pathways" and later the wrong protein
folding [80, 114], leading to different diseases [115].

To avoid its toxic influence Gd is being used in its stable state, in combination
with chelatcomplexes. Unfortunately the stability of this complex is well under-
stood just in the in vitro experiments, but there are complications in in vivo cases. As
the result of repeated GBCA usage in high dose there are symptoms like skin thick-
ening, hair loss and eschar formation occurring. An additional complication is the
nephrogenic systemic fibrosis (NSF), which mostly arises in the case of patients with
an advanced kidney failure [116, 117]. Here, the release of free Gd3t is occurring as
a result of de-chelation because of very long elimination times of the complex from
the body. Hence, there are some types of GBCA, which are not allowed for use in pa-
tients with kidney failure [118]. In a mouse model it has been shown that in case of
high amount of GBCA insertion into the body Gd agglomerates in the liver, kidney
and spleen [80]. Additionally, a sign of an inflammatory reaction was detected via
over-expression of inflammatory cytokines in the lung and kidney, and an increase
of lymphocytes and granulocytes in the blood [80]. From the histological point of
view there were morphological changes in the liver tissue, thickened walls of alveo-
lus in the lungs and atrophy of the glomerulus and tubular ephitelium in the kidney
[114].
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FIGURE 2.4: Mg-Gd phase diagram [121].

Magnesium-Gadolinium Alloys

Depending on the amount of their valence electrons, hence their solubility in
Mg, the REE can be divided into two groups: Cer- (Li to Eu) group and Y- (Y and
Gd to Lu) group. The solubility of the Y-group elements in Mg is much higher, than
the one of the Cer-group elements and the Y-group elements are better precipitation
hardening elements [119, 120].

Figure 2.4 from [122] represents the equilibrium phase diagram for the Mg-Gd bi-
nary system. There are four main binary compounds: MgsGd, MgzGd, Mg,Gd and
MgGd, which are formed by peritectic reactions [122]. On the Mg side there is one
eutectic equilibrium and one eutectoid equilibrium connected with two allotropic
forms of Gd (B-Gd — a-Gd + MgGd). MgsGd is the real composition of the com-
pound and its stoichiometric formula is Mgs5Gdi1 [121]. The eutectic temperature
is ca. 542° C and there is 40.4 wt.% Gd in the composition. There is a relative high
solid solubility of Gd in Mg with a maximum of ca. 24 wt.% at 542 °C and around 4
wt.% and 6 wt.% at 200 °C and 300 °C, respectively.

Addition of REEs to the high purity Mg matrix results in promising biodegrad-
able Mg alloys since they exhibit sufficient strength and toughness, so they could
be well used as load-bearing alloys [12]. Especially in Mg-xGd alloys significant
solid solution strengthening effects have been observed. Additionally, from a bio-
compatibility point of view Gd is conserved as relatively acceptable additive in low
concentrations and is indicated to have anticarcinogenic properties [12, 123]. It has
also been indicated, that the cells grown on the Mg-10Gd alloy generated healthy
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cellular structures that allowed them to have a good adhesion to the surface [19].
Mg-10Gd has been tested in vivo and in vitro by Marco et. al. [124] over a short time
period of up to 7 days. Myrissa et. al. [125] and Galli et. al. [126] tested Mg-10Gd in
vivo over a time period of 12 weeks. Myrissa et. al. [125] implanted pins transcorti-
cally and Galli et. al. [126] implanted screws into the femur of rats. Myrissa et. al.
[125] reported an initial low degradation rate without gas bubbles, but afterwards a
very fast degradation rate with high amount of gas bubbles visible. After 12 weeks
implantation nearly a complete dissolution of the implant in the bone was observed.
This would not be acceptable for a fracture fixing implant, since it should provide
structural stability at least for 12 weeks [125, 127]. On the other hand Galli ef. al.
[126] concluded that Mg-10Gd showed a degradation behavior appropriate for bone
formation and stable degradation layer. The different outcomes of experiments may
be arising from different microstructures, differences in the implants production and
manufacturing, place of implantation and different imaging modalities [126].

224 Types of Material Testing: In Vivo, Ex Vivo and In Vitro Tests

The experiments, which investigate the progress of metal corrosion in a corrosive
environment, as well as other factors, which could influence the corrosion, are the
immersion tests. They are the most simple and economical ways to measure the
corrosion ability of the material.

Gonzalez et al. [128] reviewed the types of immersion tests: static, semi-static
and dynamic. The importance of the immerion test type and the immersion medium
composition on the degradation result are also summerized by Gonzalez et al. [128].

To be used as implants, Mg and its alloys have to go through tests, which are
defined by the International Organization for Standardization (ISO 2009) and/or
American Society of Testing and Materials (ASTM 2003). Thereby, for the in vitro
degradation testing immersion solutions like sodium chloride solutions, simulated
body fluid (SBF), Hank’s balanced salt solution (HBSS), phosphate buffered saline
(PBS) are used. The modified Eagle’s minimum essential medium (MEM), Dul-
becco’s modified Eagle’s medium (DMEM), Alpha modified Eagle’s minimum es-
sential medium (x-MEM)) are recommended for the study of the degradation be-
haviour and mechanisms, to obtain a comparable degradation behaviour to in vivo
conditions. [129]. However, the degradation in vivo is much more complex, hence it
is difficult to compare the results of those of experiments.

Several studies show that the in vitro degradation rate is higher than the in vivo
one, sometimes they are even inverse, so that from the result of an in vitro experiment
no conclusions about the in vivo result can be drawn [130-132]. It is still a challenge
to find the matching in vitro experimental conditions to make it comparable to in vivo
[56, 91].

One possibility to obtain insight into the in vitro and in vivo (respectively ex vivo)
degradation is the usage of micro-computed tomography technique, which princi-
ples are summerized in the next section.
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2.3 Micro-Computed Tomography (uCT)

Being derived from the Greek, the term tomography means "to cut" and the term
computed refers to use of a mathematical reconstruction algorithm, which combines
the projections into slices of the object’s cross section [133].

pCT is a very important method in non-destructive 3D characterization and ma-
terials evaluation [134], since the difference in X-ray absorption between regions
with dissimilar atomic numbers or densities in the investigated object is visualized
[135]. X-rays can be generated either in the laboratory (in X-ray tubes) or at syn-
chrotron radiation (SR) sources [136]. Depending on different factors like sample
size and composition, required spatial and contrast resolution or scanning time and
volume, the choice of the optimal method is being made [137].

The first step of computed tomography is the recording of two-dimensional X-
ray images of an object from various angles (2D projections). The second step is the
digital three-dimensional (3D) image reconstruction, which results in a 3D image
of the object. It makes the multidirectional examination of an area or volume of
interest possible, but also permits dimensional, volumetric, or other more advanced
measurements to be made [138-140].

Depending on the atomic number of the element and the X-ray energy, there
are different interactions taking place between the specimen and the X-ray [133].
The elastic scattering and photoelectric effect are the dominating effects and they
modify the incident X-ray beam intensity and direction for low-energy X-rays. Ad-
ditionally, Compton scattering also affects the X-rays passing through the specimen
when using X-rays at higher energies. The idea of the tomographic reconstruction
is to compare the incident and exit beams, whereby the most widely used form of
pCT principal is based on the X-ray absorption contrast revealed by differences in
the linear attenuation coefficient . However, changes in other signals also can be
used for reconstruction: refractive index (phase contrast), crystallographic structure
(X-ray diffraction contrast), elemental distribution (fluorescence contrast), particle
size and shape (scattering contrast), and local atomic environments (e.g., X-ray ab-
sorption near-edge structure, XANES). The main steps of acquiring the projections
always include the following: a beam is propagating from the X-ray source through
the sample onto the detector, whereby the sample is being rotated either to 180° or
360°. The principle of the X-ray absorption is presented in figure 2.5 [133]. It briefly
gives an idealized 2D example on the X-ray absorption principle depending on the
materials thickness and linear attenuation coefficient.

Having an incident X-ray intensity of I, after being transmitted through a homo-
geneous sample with the thickness ¢ it changes to intensity I [133]. This is expressed
with the Beer-Lambert law

I=Ipe ™ (2.1)

The linear attenuation coefficient y [cm '] is defined as in equation (2.2). It depends
on the number and type of atoms traversed by the beam. Under the conditions of
moderate energy range and away from the absorption edges, (11/p) ~ Z*A® whereby
Z is the atomic number and A is the X-ray wavelength. In the case that the specimen
consists of i elements, the effective attenuation coefficient < y > is calculated taking
into account the weight fraction w;, mass attenuation coefficient (1/p);, and density
p through [133]

<p>= Ewi(;’;)ip (2.2)

1

Since equation 2.1 describes the integrated effect of a uniform sample on the



2.3. Micro-Computed Tomography (uCT) 17

beam, but the idea of CT is to determine y; of material i for each position within a
sample, the equation 2.3 [133] is used.

Y it = In(Io/1) (2.3)
1
Iy [ 1 || L
0
| b

i
-

n | 90°

FIGURE 2.5: Principle of X-ray absorption: Presented are the X-ray absorption profiles for
two views through an idealized specimen. A ¢ is the thickness of the voxel AV. For both
views the ratio I/ Iy is shown schematically, ranging from 1 (corresponds to no absorption
since outside of the sample) to 0 (depending on the material: the darker the gray, the more
absorbing the corresponding material). Exemplary, the voxels through the row m and at
view 0° and along column n at view 90° are shown. Accordingly, the highest absorbing
material is the single voxel a, which results a narrow decrease in I/ Iy in both views. Image
with permission from [133].

The image reconstruction is the mathematical process, which generates tomo-
graphic images from X-ray projection data.

There are two major categories of reconstruction methods: analytical and itera-
tive reconstruction. The most widely used analytical reconstruction method is the
filtered backprojection (FBP), because of its computational efficiency and numerical
stability [141]. Here, a 1D filter on the projection data is applied before it is being
backprojected (2D or 3D) onto the image space [141]. Following three steps are ap-
plied

1. Radon tansformation of the projection profile

2. Application of high-pass filter, or ramp filter, to eliminate blurring (star-like ar-
tifacts), which occures during the iterative constructive interaction of the pro-
jections. Afterwards the filtered projection profiles are transformed back.

3. Backprojection of the projection profile.

2.3.1 Laboratory nCT

X-ray tubes are the most common radiation sources in analytical and quality labora-
tories, due to their accessibility, relative cheapness and good results [142]. All labo-
ratory nCT devices consist of an X-ray source, a stage to hold the specimen, which
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is being images and a detector / camera. Depending on the X-ray source and the
detector, there are four scanner hardware configurations: pencil, fan, parallel and
cone beam geometries (figure 2.6 [133]). In two of the geometries a beam collimation
is taking place, which is the narrowing and direction of the beam before it reaches
the object of investigation [133].

a) b)

Detector
Detector

Scatter shielding Scatter shielding

Specimen

Collimator
Source

Source

Detector

" ATATAYY

FIGURE 2.6: Schematically presentation of laboratory nCT scanner geometries: a) Pencil
beam, b) Fan beam, c) Parallel beam, d) Cone beam. Image with permission from [133].

Figure 2.7 presents a schematic of the X-ray generation in a laboratory X-ray
tube. A polychromatic radiation is generated within a tube source. Firstly, the fil-
ament material is being heated up, which enables the electrons to be released from
it (thermionic emission). Due to the applied voltage between the filament (cathode)
and the metallic target (anode) the electrons are being accelerated towards the an-
ode. As soon as the electrons reach the target the Bremsstrahlung is being produced.
The Bremsstrahlung is the continuous spectrum of X-rays chatacteristic for each tar-
get material, which is being generated when the electron is being decelerated. There
are two disadvantages of this process: i) the X-rays are emitted in all directions, thus
limiting the amount of X-rays that will actually be emitted toward the specimen and
ii) only a limited amount of the original energy is converted to X-rays energy, re-
sulting in the conversion of the residual energy into thermal energy. Adjusting the
maximum energy, which is the peak voltage, kVp and the current (nA) the user of
a laboratory pCT scanner has some freedom of producing different imaging condi-
tions [133].
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FIGURE 2.7: A) Schematically illustration of an X-ray tube source. The filament is heated
up, so the free electrons can be accelerated towards the target material via a certain electric
field. When the electrons are slowed down by the target material, the Bremsstrahlung and
the characteristic radiation are being produced. After filtering some of the produced
radiation the X-rays can be used for imaging. Image with permission from [133]. B) X-ray
spectrum of a tungsten X-ray tube. The peaks correspond to the characteristic radiation of
tungsten and the continuous part of the spectrum represents the Bremsstrahlung. Image
with permission from [143]

2.3.2 Synchrotron Ratiation nCT (SRuCT)

The SR sources offer high brilliant X-rays on an almost routine basis with the ad-
vantage of the X-rays” high intensity, its high collimation (small divergence of the
beam), and its tunable wavelength [142]. In contrast to the laboratory pCT X-ray
sources, X-rays from the synchrotron source are generated in a large circular particle
accelerator, a storage ring [133], where controlled assemblies of magnets are used to
steer the particles. The particles (electrons or positrons) are accelerated in a circular
path and their energy is maintained [133]. High vacuum conditions minimize the
loss of particle energy due to deflection. A very simplified exemplary sketch of a
synchrotron radiation storage ring is presented in figure 2.8.

In such a ring alternating magnetic fields are put together to bending magnets,
wigglers and undulators, which force the electrons / positrons to a sinusodial tra-
jectory, whereby the output radiation is being enhanced [144]. In the present radio-
frequency cavities the particles are being accelerated, hence their energy loss is being
compensated [144].

The most important advantage of synchrotron radiation over a laboratory X-ray
source is the brilliance of the synchrotron radiation. The brilliance of the storage ring
is the number of photons per time interval (s), per source size (mm?), per opening
angle (mrad?), per 0.1% spectral bandwidth [144]. It describes the brightness and
the angular spread of the beam. The higher the brilliance the more detailed investi-
gation of the material is possible. As shown in figure 2.9 the brilliance of the emitted
radiation beam has been enhanced over the last years. The above mentioned mag-
netic arrays, bending magnets, wigglers and undulators, make it possible to enhance
the flux and the brilliance of the photon beam of the synchrotron source radiation in
comparison to laboratory based sources.
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FIGURE 2.8: Storage ring of a synchrotron radiation as sketch. The storage ring, which is a
circle of an appropriate radius, consists of curved and straight sections. The curved sections
are within the dipole magnets and the straight sections are between them. After electron
bunches being injected into the storage ring, they can be bended via bending magnets and
emit radiation. To increase the intensity of synchrotron radiation a series of bending
magnets is being lined up to a so called wiggler and the eletron beam is forced through it.
The same principle of enhancing the radiation intensity is working via more modern
undulators instead of wigglers. Also the undulators consist of periodic arrangements of
dipole magnets deflecting the electron beam sinusoidally, but they differe from wigglers by
themagnitude of the magneti strength. Devices producing the undulator radiation have
low fields and short magnetic periods [145].
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FIGURE 2.9: Brilliance of emitted radiations of different technical sources [146]. Although
the main mission of the bending magnet is to circulate the elektrdeon beam in a closed
path, it is also the primary source of the synchrotron radiation. Through the years, due to
evolution of further insertion devices like wigglers and later undulators the brilliance of the
synchrotron radiation electron beam was enhanced.
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The Deutsches Elektronen-Synchrotron (DESY) in Germany, Hamburg, operates
one of the world’s brightest, third generation storage-ring-based X-ray radiation
sources PETRA III, where the imaging beamline P05 is located [147].

A sketch of the P05 beamline at DESY, PETRA III, which is being operated by the
Helmholtz-Center Hereon is presented in figure 2.10. The wide energy range of 5-50
keV makes the investigation of different materials possible. Tompgraphic scan times
of ca. 15 minutes without loosing the high density resolution can be reached [147].
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FIGURE 2.10: Sketch of P05 beamline at DESY: A) An undulator, slits and filters, an optics
hutch (OH, consisting of a double crystal monochromator and a double multilayer
monochromator), the first experimental hutch (EH1, used for nano tomography) and the
second experimental hutch (EH2, used for nCT) are in the beamline, B) Inside of EH2: four
spatial motion stages (base, rotation, camera and sample stages), a microscope system
(consisting of two cameras), sample changer and a slit system are visible [147]

2.4 Image Processing: Filters, Segmentation, Registration,
Resampling
The result of tomographic image reconstruction provides a 3D data set, consisting

of 2D greyscale slices. Prior to all quantitative analysis some image processing, like
image filtering, segmentation, registration and resampling are required.
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Filters
Most of the reconstructed 3D tomographic data need some image processing prior to
the quantitative analysis. In contrast to qualitative analysis, for the quantitative one
a very clear separation of the grey values of different objets in the image is needed.
Hence any kind of noise or image artifact can act as an analysis inhibitor. To reduce
the noise of the image and improve its quality filters are used [148]. There are linear
and nonlinear algorithms used for filtering the images. Examples for linear filters
are mean filter, gaussian, derivative, gradient, lowpass or highpass filters. Nonlin-
ear filtering algorithms are used for example in median filter, min and max filters,
entropy or kuwahara filters.

In this work, depending on the image quality only mean and median filters are
used. The mean filter is the simplest filter, which performs average smoothing on an
image. Thereby each pixel in the image is replaced with the mean of the pixels that
surround it, depeding on the chosen amount of the filtering pixels [148]. In contrast,
in the case of the median filter, each pixel in the image is replaced with the median
of the pixels that surround it. Instead of smoothing the whole image like in the case
of the mean filter it sharpenes the edges by enhancing them. A comparison of the
effect of both, mean and median filters on an image can be found in figure 2.11.

Image of a happy person after Image of a happy person after
being filtered with a linear mean Original image of a happy person being filtered with a nonlinear
filter by 10 pixels median filter by 10 pixels

FIGURE 2.11: Comparison of mean and median filters. In the middle is the original image
without any filters applied. On the image on the left side is the result of the original image
being filtered by a mean filter with a pixel size of 10. In constrast, on the right side is the
same original image after being filtered by a median filter with the pixel size of 10. The
differences of both filtering methods are well visible on the edges of the mouth, eyes and
the nose.

Segmentation
After an appropriate image filtering the segmentation of the image can be per-
formed. Segmentation is the grouping of voxels belonging to the same object or
area of the image. If the linear attenuation coefficient distribution of two objects are
very different a simple global thresholding technique can provide a successful seg-
mentation result [133]. An example of a thresholding segmentation can be found
in figure 2.12. Thresholding is the simplest method of image segmentation, which
can be used to create binary images from a grey scale image by selecting a threshold
value [149]. From the histogram of the original image the threshold value is chosen
once to separate the two side objects from the background and the third bigger ob-
ject and in the second case the third object is separated from both side objects and
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the background. In this case only the intensity of the pixel is the deciding criterion
for the pixel to be assigned to the one other the other object.

A Original image with three After segmentation for the After segmentation for the
overlapping objects separation of the middle object separation of the side objects
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FIGURE 2.12: Example of thesholding (A) and watershed (B) segmentations using software
Fiji (Image]). For the thresholding segmentation, based on the histogram of the original
image, the pixels with same grey values are grouped (2.1 and 2.2). In the first thresholding
step the middle object is seprated from the other two smaller obects and the background. In
the second thresholding step the two smaller objects having the same grey values are
separated from the background and the bigger object in the middle. As a results of the
watershed segmentation there is a watershed line, which separates all three objects from
each other.

Another prominent segmentation methods is the watershed segmentation. Itis a
region-based segmentation method. Hereby the image is regarded as a topographic
landscape with ridges and valleys [150]. After a user defines at least one marker,
also called "seed point", the algorithm grows the marker usind morphological wa-
tershed transformaiton. Thereby the valleys are filled with water (growing of the
seed points) as long as they have the first contact to each other. These first contact
points create the watershed line and also the object separation line [151]. The "seed
point" for the growing also can be set by some algorithms automatically. An example
of a watersehd segmentation can be found in figure 2.12.

Image Registration and Resampling

In order to be able to compare or integrate the data obtained from different measure-
ments the image registration is needed. It is a procedure, which determines the pa-
rameter values for a rigid body transformation for matching the image with the ref-
erence image [152]. There are two classes of algorithms: intensity-based and feature-
based [153]. Intensity-based algorithms compare intensity patterns of the "moving"
and the "fixed /target" images via correlation metrices. In contrast, the feature-based
methods find correspondences/matches between the both images (points, lines or
contours). A very simple sketch of a rigit registration is presented in figure 2.13.
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Second object is registered on

Second, moving object, the firstobject. A direct (also
First not moving, fixed object which has to be registered automatic) comparison of both
on the first object objects can happen

FIGURE 2.13: Sketch of a rigit registration of the object in the second image on the object of
the first image. In the third image the second object has the same orientation as the fixed,
source object from the first image.

In the abovementioned literature all the types of registration and their algorithms
are well described [153]. The next step of registration is the image resampling, which
is the actual transformation of the object from one image grid to another.

Following segmentation and potentially image registration, quantitative param-
eters pertaining to the sample morphology can be obtained.

This will be outlined in detail for biodegradable Mg-xGd implants in the material
and methods section.
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Chapter 3

Materials and Methods

3.1 Materials and Samples

The following description of materials and methods has been published in large
parts in [154] and [155], hence some sections here are copied or paraphrased from
the publications. Material manufacturing took place as stated in [154]:

"Two Mg alloys with 5 and 10 weight% (wt.%) Gd (Mg-5Gd, Mg-10Gd) were
investigated in the current study. Melting and casting were performed by permanent
mold direct chill casting using Ar + 3 vol.% SFg as shielding gas in the induction
furnace (Nabertherm). 5 or 10 wt.% Gd was added to the Mg melt at 700 °C and
stirred for 20 min with a rotation speed of 150 min~—!. The molten materials were
then poured into a permanent steel mold (diameter 110 mm, height 230 mm), which
was preheated up to 680 °C, and kept for 15 min. Afterwards the ingots were cooled
down by water quenching. They were solution heat treated (T4) at 525 °C for 6 h
and cooled down by water quenching. Indirect extrusion was performed with an
extrusion ratio of 84 to the final diameter of 12 mm. A ram speed of 0.7 mm/s
for Mg-5Gd and 0.52 mm/s for Mg-10Gd and a temperature of 400 °C were used
for extrusion. From the extruded bars rods with a diameter of 3 mm were cut via
wire electrical discharge cutting. Finally, screws were machined by turning and by
milling the slit head (4 mm length, 2 mm in diameter, thread M2 and a 0.5 mm x 0.5
mm slotted screw head).

For both experiment, in vitro and ex vivo, the same alloys were used. In the ex
vivo experiments Ti and PEEK were used as reference materials. Ti and PEEK screws
purchased from Promimic AB (Mdlndal, Sweden). Additionally, in vitro experiments
were performed on pure Mg, Mg-5Gd and Mg-10Gd pins. The pins of Mg-5Gd and
Mg-10Gd samples were prepared from the same material rod as the screws. The
dimensions of the pins: diameter = 2 mm, length = 4 mm."

3.2 Degradation Experiments

3.2.1 In Vitro Experiments

In vitro immersion tests were performed on screws and pins. The immersion tests of
the screws was described in [154]:

"Immersion tests were performed on screws of both alloys over a (i) short time
spans (1, 3, 6, 7 and 9 days) and over 2 longer time spans ( (i) 7, 14, 21 and 28
days and (iii) 28, 56 days) as a results of semi static immersion experiment. For ex-
periments (i) and (ii) degradation medium o- Minimum Essential Medium («-MEM;
Thermo Fisher Scientific GmbH, Darmstadt, Germany) + 10% Fetal Bovine Serum
(FBS; PAA Laboratories, Linz, Austria) + 1% Penicillin/Streptomycin (Thermo
Fisher Scientific GmbH, Darmstadt, Germany) was used. For experiment (iii) the
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o-MEM was replaced with DMEM (Dulbecco’s Modified Eagle’s Medium) to com-
pare the implant’s degradation behavior in these two media. The immersion test
was performed under cell culture conditions (37 °C, 5% CO;, 20% O3, 95% relative
humidity). To avoid saturation the medium was changed every 2-4 days. At each
medium change pH and osmolality measurements were performed. The amount
of samples used for the weight loss and volume loss measurements per time point
can be found in table 3.1. The small number of samples with 1-2 samples per time
point and material are acceptable in this case, since the experiments are running over
several time points, so the outliers are going to be detected."

TABLE 3.1: Number of samples used for in vitro investigation per
measurement time point [154]

Weight loss | Volume loss
experiment (i) 1 1
experiment (ii) 1 2
experiment (iii) 2 2

In vitro experiments were performed also on Mg-5Gd (screws and pins (n=4)),
Mg-10Gd (screws (n=8) and pins (n=4)) and pure Mg (only pins (n=4)) over two
month time period (4, 12, 23, 51 days). The experiment was executed as follow-
ing: same immersion solution was used and the same semi-static conditions were
applied as for the screws. At each measuring day the samples were taken out of
the immersion solution, dried and tomographed with the degradation layer. After-
wards they were inserted into the immersion solution again. The degradation layer
was only removed after the last measurement time point. Unfortunately, due to tech-
nical problems during the experiments and image acquisition the image quality was
very often not sufficient enough for a proper analysis. Hence, the results were not
further analyzed and are not presented nor discussed. Some of the pCT images from
this experiment can be found in appendix D.

3.2.2 Ex Vivo Experiments

The animal experiments were performed by project partners at the Malmo Univer-
sity in Lund, in particular by Dr. Silvia Galli as stated in [155]:

"The animal experiments were conducted after ethical approval by the ethical
committee at the Malmo /Lund regional board for animal research, Swedish Board of
Agriculture, with the approval number DNR M 188-15. Sixty Sprague Dawley male
adult rats with an average weight of 300 gr were selected for this experiment. The
rats were housed in cages of 2 or 3 animals each for at least 2 weeks before the begin-
ning of the experiment. The implantation protocol followed was described in [156].
In brief, general anesthesia was adiministrated before starting the surgical proce-
dures and consisted in an intraperitoneal dose of Fentanyl 300 pg/kg + Dexmedeto-
midin 150 png/kg. After shaving and disinfection of the rats” legs (chlorhexidine
ethanol solution 0.5 mg/ml, Klorhexidinsprit; Fresenius Kabi, Uppsala Sweden), lo-
cal anesthetic was injected in the tibial area (1 ml xylocain, Aspen Nordic, Ballerup,
Denmark) and a full thickness flap was created. The tibia metaphysis was exposed
and an osteotomy was drilled with a 1.4 mm round bur and then enlarged with a
cylindrical bur of 1.6 mm diameter, under constant irrigation with sterile saline. Af-
ter tapping, the screws were inserted with a manual screwdriver, one in each leg.
Each rat received either 2 Mg-based screws (one Mg-10Gd and one Mg-5Gd) or two
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non-Mg screws (PEEK and Ti), with random allocation. In total, 30 screws for each
material were implanted in 60 rats. After screw insertion, the flaps were sutured.
The rats received an analgesic dose of Buprenorfin of 0.01-0.05 mg/kg (Temgesic,
Indivior Europe Limited, Dublin, Irleand). The rats free to move in the cages and
were fed ad libitum. After 4, 8 and 12 weeks of healing, the rats were euthanized (10
rats per healing time) with a lethal dose of anesthetic. The legs were dissected and
bone was exposed around the implant area. The implants with bone around were
explanted using a trephine bur of 6 mm diameter. The bone-implant blocks were
fixed in 70% ethanol for at least 1 day and were then dehydrated in a graded series
of ethanol. The samples were critically point dried.

The number of ex vivo samples per time point and material is summarized in
table 3.2. "

TABLE 3.2: Number of samples used for ex vivo and histology
investigation per measurement time point and analysis method [155]

SRuCT Histologically
4 weeks | 8 weeks | 12 weeks | 4 weeks | 8 weeks | 12 weeks
Mg-5Gd 9 11 6 10 11 6
Mg-10Gd 8 9 8 7 10 9
Ti 5 8 8 9 9 10
PEEK 9 10 9 10 10 9

3.3 Imaging Methods

In addition to the pnCT analysis, investigations with optical microscopy (OP) and
scanning electron microscopy (SEM) have been executed to obtain detaild informa-
tion on the material microstructure. In this section the chosen parameters and the
analysis procedures are described. Sample preparation and microstructure analysis
took place as stated in [154].

3.3.1 Microstructure Analysis

The following section has been published in [154].

"Bulk material and screws were cold embedded in an epoxy resin (Demotec 30®,
Demotec Demel e.K, Nidderau, Germany), manually grinded and polished for the
microstructure analysis. The grinding process was performed from 500 to 2500 grit
SiC sandpapers. The polishing was performed in two steps. First by using SiO, (OP-
STM Cloeren Technology GmbH, Wegberg, Germany) with water (H,O), HyO-free
lubricant (ethylene glycol to ethanol in parts of 10:7) and natriumhydroxid (NaOH)
for approximately 5 min. Second by using H,O-free SiO, (OPSTM Cloeren Technol-
ogy GmbH, Wegberg, Germany), diamond particle suspension with 0.25 pm particle
size with HyO-free lubricant (ethylene glycol to ethanol in parts of 10:7) for 15-20
min.

Optical Microscopy (OM) After etching the samples by picric acid solution [157],
observation of the microstructure was performed using an optical microscope (Leica
DMI5000 M). The calculation of the grain sizes was performed on the bulk material,
in longitudinal (extraction direction) and transversal direction of extrusion as well
as on transversal sections of the screw via the linear intercept method. The analysis
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software “analySIS Pro” (version 5, Olympus Soft Imaging Solutions GmbH, Miin-
ster, Germany).

Scanning Electron Microscopy (SEM) Figure 3.1 shows the areas chosen for the
investigation of the microstructural differences between the bulk (210x195 pm?) and
surface near area of the screw, within the crests (310x200 pm?) and the roots (310x200
pm?) in particular.

FIGURE 3.1: Exemplary areas of bulk, crests and roots on a Mg-5Gd
screw for the EBSD measurements [154]

EBSD (SEM: Zeiss Crossbeam 550, EBSD detector: Oxford Symmetry) measure-
ments were performed on one screw per material (1.5 pitches of the screws, whereby
a pitch is the distance from the crest of one thread to the next crest). The features of
the deformed microstructures were studied by analyzing boundary characteristics
and misorientation among neighboring measuring points (pixel size or “step size”
= 0.4 um). The kernel average misorientation (KAM), which represents the average
misorientation between each pixel and its nearest neighbors, was calculated to study
the subgrain structures. These are indicators of the strain locally accumulated at the
corresponding area." [154]

3.3.2 Degradation Analysis

The following section has been published in [154].
"Prior to immersion testing or the implantation the screws were imaged using a lab-
oratory pCT (Phoenix Nanotom GE inspection and sensing technologies, Wunstorf,
Germany) at an operating voltage of 100 kV at 70 pA current (binned pixel size: ~
2.5 ym).

The parameters of all pCT imagings are presented in table 3.3 [154].

TABLE 3.3: pCT imaging parameters [154]

Parameter Laboratory uCT: SRuCT: TOPQ—TOMO
Nanotom IBL P05, DESY beamline, KARA
Amount of projections 2700 1201 3000
Exposure time 1000 ms 300 ms 14.3 ms

Energy - 25-30 keV | white beam-peak at 16 keV
Current 70 pA - -
Voltage 100 kV - -

Voxel size 2.5 pm 2.6 pm 2.4 pm
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1. In Vitro imaging

After the immersion tests and removal of the degradation layer by chromic
acid treatment, the degraded screws from immersion test (ii) have been imaged
either at the imaging beamline (IBL) P05, which is operated by the Helmholtz-
Center Hereon, at the PETRA III storage ring at DESY (energy: 25-30 keV,
binned pixel size: ~ 2.6 ym) or at the TOPO-TOMO beamline of the KARA
synchrotron facility at the Karlsruhe institute of technology (KIT) (energy: 16
keV, binned pixel size: ~ 2.4 ym). The degraded screws from test (iii) have
been imaged using the laboratory pCT after removal of the degradation layer.
Depending on the image quality the segmentation was either performed on the
original dataset or after an application of a filter. The chosen image filters, fil-
ter parameters, segmentation software and method are presented in table 3.4.
After segmentation, all registration and resampling was performed in Avizo
version 9.4.2 (Thermo Fisher Scientific, Waltham, MA), resulting in a final data
voxel size of 5 ym.

TABLE 3.4: Segmentation methods and used softwares [154]

Experiment i, ii, iii i, ii iii
Immersion . . 1-9 days,
time 0 time point 7-28 days 28-56 days
Tomography DESY, IBL P05 / 2.6
device/ Nanotom / 2.5 d - Nanotom / 2.5
. . KIT /24
pixel size [pm]
.. . Non-local
Denoising No filter means [158, 159] Mean 3D
Denoising sigma=15,
parameters ) smoothing factor=1 33
Segmentation Threshold/ .Waters}}ed/
Avizo version 9.4.2 Threshold/
method/ Fiji (Image]) | py 1o Fisher Scientific, | Fiii (Image])
software [157] ermo FISher scie © ) age

Waltham, MA)

Prior to the analysis the z-axis of the 3D data was aligned parallel to the longi-
tudinal axis of the screw, for an example of a transverse view see figure 3.6.

2. Ex Vivo Imaging

Imaging of the critically point dried explants was performed at the Helmholtz-
Center Hereon operated beamline P05 at the PETRA III storage ring, DESY, at
a photon energy of 20 keV in absorption contrast mode with a field of view
of 3.8 mm x 2.0 mm. We have determined the spatial resolution via an mtf
edge scan to 3.7 pm in the original recorded projections at an effective pixel
size of 1.25 pm and obtained a voxel size of 2.5 ym at two times binning in
the final reconstructed volume. We performed quasi-continuous recordings of
tomographic data by acquiring 1800 equally spaced projections over a rotation
of 360°. " [154]

3.3.3 Histology

After SRuCT imaging, the explants were used for the histology analysis. It was
performed by Dr. Silvia Galli. The detailed description of the performance and the
results can be found in [155] (publication also attached in appendix A).
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3.4 Image Processing and Analysis

In order to perform quantitative analysis on the acquired pCT images from in vitro
and ex vivo experiments image processing was necessary. The image processing and
analysis were extensive parts of this work and are more precisely explained in the
current section.

3.4.1 Segmentation, Registration, Resampling

Since the processing of the 3D nCT images can be a highly time consuming and dif-
ficult an image processing and segmentation workflow was developed. It is divided
into three parts, consisting of segmentation, registration and resampling of i) not
corroded screw (screw after degradation in the animal with the degradation layer),
ii) corroded screw (the residual screw after the removal of the degradation layer)
and iii) mineralized bone.

Image analysis steps, which are going to be described in the following SOP are
presented in the process charts (figures 3.3, 3.4 and 3.5). In all three segmentation
steps, the data sets, which are marked yellow are being exported, but again imported
and reused in a different or same software. All the data sets colored with other colors
are being exported and are only partly being reused in the following steps.

The summary and the result of the registration, resampling and segmentation
of the pre-implantation screw and the ex vivo data is presented in figure 3.2. These
subfigures are going to be referenced in the workflows.

In this work the data segmentation with the help of the workflow is adressed
as semi-automatic segmentation. Although the semi-automatic segmentation was
less time consuming in contrast to the manual segmentation, it is still very slow (2
to 3 days depending on the image quality). Hence, to make the analysis of over
100 datasets possible an automatically segementation approach was found. For the
training of the machine learning approach, a certain amount of already segemented
data were needed as input. Therefore, the semi-automatically segmented datasets
have been used as input data for the machine learning approach for the segmenta-
tion of all tomographed data [160, 161].

3.4.1.1 Segmentation Workflows

The segmentation of the acquired data mainly consists of three different segmenta-
tions: segmentation of the not corroded screw, segmentation of the corroded screw
and the segmentation of the bone. All three steps will be explained in the current
section.
Step 1 of 3: Segmentation of "not corroded screw"

In the following the segmentation of the not corroded screw is described, which is
visualized in the flowchart in figure 3.3. The step by step instruction can be found
in appendix E. First the preimplantation screw is being segmented via thresholding
and the ex vivo data are being converted into 8 bit and filtered in Fiji. Afterwards,
the screw from the filtered ex vivo data is being roughly segmented manually in
Avizo and registered and resampled on the segmented preimplantation screw. To
ensure the same orientation of all implants from all datasets a reference screw is used
with a certain orientation for the registration and resampling. After the registration
and resampling of the screw (not corroded screw) from the ex vivo data and the
whole ex vivo data itself, the borders of the implant from the ex vivo data and the
preimplantation screw should have nearly the same dimension.
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pre-implantation

Al

ex vivo screw in bone

FIGURE 3.2: Short summary of the in workflow presented image registration and
segmentation steps. Mg-5Gd pre-implantation screw, which A1) has been tomographed at
laboratory uCT device, A2) registered and resampled, A3) segmented via threshold. Ex vivo
data of the same screw after 12 weeks in vivo degradation B1) being tomographed at SRuCT
beamline P05 (at PETRA III), B2) registered and resampled, B3.1) via watershed segmented
residual screw with the corrosion layer (=not corroded screw), B3.2) via watershed
segmented residual screw, B3.3) via thresholding segmented bone. Scale bar is the same for
all images = 1 mm.

Step 2 of 3: Segmentation of "corroded screw"
The result from the first segmentation step, the not corroded screw, is segmented into
the residual screw and the corrosion layer in Avizo by watershed. The flowchart for
this segmentation can be found in 3.4. The step by step instruction can be found in
E.

Step 3 of 3: Segmentation of "bone"
The last segmentation step is the segmentation of the bone, which is being performed
in Fiji via thresholding. The flowchart for this segmentation can be found in 3.5. The
step by step instruction can be found in E.
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Step 1 of 3
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import into Fiji
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change voxel
size from 5 to 4.85um
resample again
on RS
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export as 2D fiff
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maich it maximal well to the bone-screw border of RRE
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screw (nCS)
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FIGURE 3.3: First step of the image analysis: registration, resampling and segmentation of
the pre-implantation screw. Registration and resampling of the ex vivo data and
segmentation of the not corroded screw ( = residual screw + corrosion layer). Yellow
colored data are the exported data, which are being again imported and used in the current
workflow step. Green and purple colored data are the exported data, which will be
imported and used in the second and third workflow steps. Green colored data is also the
final result of the segmentation, which is exported and used in the further analysis.
Abbreviations: PS = preimplantation screw, SPS = segmented preimplantation screw, RS =
reference screw, RSPS = registered segmented preimplantation screw, 2RRSPS = twice
resamples registered segmented preimplantation screw, E = ex vivo data, ESF = ex vivo 8 bit
converted and filtered data, ESFS = screw from the ex vivo 8 bit converted and filtered data,
RSnC = roughly segmented not corroded screw from the ex vivo data, RRSnC = registered
roughly segmented not corroded screw from the ex vivo data, RRE = registered resampled
ex vivo data, nCS = not corrded screw (which is the residual screw with the corrosion layer).
Used softwares are Fiji and Avizo. The voxel size change from 5 to 4.85 um is due to the
voxel size differences of the data tomographed at the laboratory and SRpCT, which is
explained in the subsection 4.3.5.
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Step 2 of 3
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FIGURE 3.4: Second step of the image analysis: segmentation of the ex vivo corroded screw (
= residual screw). Yellow colored data is the exported data, which is being again imported
and used in the current workflow step. Green and purple colored data are the exported
data from first workflow step, which are imported into and used in the current workflow
step two. Magenta colored data are the final result of the segmentation, which is exported
and used in the further analysis. Abbreviations: nCS = not corrded screw (which is the
residual screw with the corrosion layer), RRE = registered resampled ex vivo data, nCSo =
not corroded screw from the original ex vivo data, cs = corroded, residual screw without the
corrosion layer. Used softwares are Fiji and Avizo.
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Step 3 of 3

Segmentation of the bone

import into Fiji import into Fiji

change labeld to
NCS=0,background=1
via mathematical
operations

bone original
(ba)
segment bone via
thresholding

segmentation

T D the seqmmentod datn.
of the segmented data ~_bone export as 20 Giff

export as 2D tiff

FIGURE 3.5: Third step of the image analysis: segmentation of the ex vivo bone. In green
and purple colored data are the exported data from first workflow step, which are imported
into and used in the current workflow step three. In magenta colored data is the final result
of the segmentation, which is exported and used in the further analysis. Abbreviations: nCS
= not corrded screw (which is the residual screw with the corrosion layer), RRE = registered
resampled ex vivo data, bo = bone from the original ex vivo data. Used software is Fiji.

3.4.2 Image Analysis

As segmentation result of ex vivo data the labels presented in figure 3.6 are obtained.
The lable bone is not existing in the in vitro data.

The quantitative data analysis is feasible after image segmentation, registration
and resampling. The analysed parameters can be categorized in 5 groups:

1. parameters characterising implant’s microstructure
parameters analysing the implant’s degradation rate

parameters describing the implant’s degradation homogeneity

- w N

parameters analysing extend of the implant’s integrity into the surrounding
tissue

5. parameters describing the homogeneity of implant’s integration into the sur-
rounding tissue
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longitudinal view J[) transversal/
slicewiseview

1 mm

FIGURE 3.6: 3D volume renderings of Mg-10Gd screws after 8 weeks in vivo degradation.
A) Implant (red) with 200 pm of surrounding bone; B) Visualization of the BIC (white) over
the total area of the implant (red); C) 3D volume rendering of the longitudinal and 3
exemplary transversal views sections of the residual metallic screw (degradation layer
removed) [155].

The selected parameters for analysis are presented in table 3.5. The 3D character
of the data makes it possible to analyse parameters both in 3D and in 2D. Thereby,
a statistical analysis of even one sample is achievable. Also, a comparison between
the same parameter analysed in 3D and in 2D is enabled. DR and MDD were only
calculated in 3D, difference layer (layer between the preimplantation and corroded
screw) only in 2D and PF in 3D and in 2D. Same formulae of the 3D calculations
were used in 2D calculations on each slice, resulting in statistical mean and standard
deviation values for one sample.

TABLE 3.5: Analysis dimensions of parameters [155]

Parameter Dimension
Experiment in vitro ex vivo

1 | Global Degradation Rate (GDR) 3D 3D

2 Degradation Rate (DR) 3D 3D

3 | Mean Degradation Depth (MDD) 3D 3D

4 Volume loss 2D 2D

5 Pitting Factor (PF) 3D and 2D | 3D and 2D
6 Crest/Root ratio 2D -

7 | Bone to Implant Contact (BIC) - 3D and 2D
8 | Bone volume fraction (BV/TV) - 3D and 2D

3.4.2.1 Gd-rich Particles

The following section has been published in [154]. The high image quality of SRuCT
data made it possible to detect the amount, size and the distribution of the Gd-rich
particles in the Mg-xGd implants. "To segment the Gd-rich particles of 3D tomo-
graphic images automatic thresholding in Fiji followed by a removal of 1 pixel large
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particles (Avizo version 9.4.2 (Thermo Fisher Scientific, Waltham, MA)) was per-
formed. On the segmented 3D tomographic data, a 3D distance transform was ap-
plied in Fiji [162]. As a result each pixel of the image was labeled with the distance to
the nearest obstacle pixel. After fitting a Poisson distribution to the histogram of the
transformed images, the minimum distance between two Gd-rich particles was de-
termined. On 3D tomographic segmented images the Feret diameter of the particles
was calculated in order to investigate the size of the particles in Fiji."

3.4.2.2 Degradation Rate (DR), Global Degradation Rate (GDR), Mean Degrada-
tion Depth (MDD)

In this work the degradation velocity is described via three parameters: degradation
rate (DR), global degradation rate (GDR) and mean degradation depth (MDD). The
calculation of each of them is described in detail below.

1. Degradation Rate (DR) The following section has been published in [154].
"The DR at certain immersion time periods was calculated once through (1)
weight loss (WL) measurements via weighing the screws before immersion
and after removal of the degradation layer with chromic acid and through (2)
volume loss (VL) measurements, based on pCT measurements via calculation
of the screw volume before immersion and after removal of the degradation
layer. It has to be mentioned, that the WL experiments were performed only
for the in vitro experiments. For WL and VL measurements, the degradation
rate was calculated using equation 3.1 [163]:

Am AV
Ap-t At

DR[mm/a] = (3.1)
where Am denotes the sample weight loss, AV the sample volume loss, A the
initial surface area, p the material density (o(y;—5c4) = 1.81 g/ cm?, 0 (Mg—10Gd)
= 1.87 g/cm?), and t the immersion time. For the weight loss measurements a
high precision balance (MYA 2.4Y Microbalance, Radwag Balances and Scales,
Radom, Poland) was used. The volume from the nCT investigations were cal-
culated with softwares Image] (Fiji) [164] and Avizo version 9.4.2 (Thermo
Fisher Scientific, Waltham, MA). For the WL calculations the surface area of
the screws was assumed to be the same for all screws theoretically calculated
(A = 0.4125 cm?), for the VL measurements the surface area of each screw was
calculated with Avizo."

2. Mean Degradation Depth (MDD) The following section has been published
in [154].
"In order to be able to directly calculate how much is the shrinkage of the im-
plant after certain degradation time the parameters MDD is used very often.
The MDD for each immersion time was calculated based on equation 3.1 [163]:"

MDD[um] = DR - t (32)

3. Global Degradation Rate (GDR) The following section has been published in
[154].
"By fitting a straight line to the MDD values, the slope of the fitted line was
calculated and defined as the global degradation rate (GDR [mm/a]). The co-
efficient of determination (R?), which is a measure of the proportion of variance
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of a predicted outcome [165], was determined for the fitted GDRs. It reveals
how well a linear regression model fits the experimental results, whereby the
value 1 would correspond to a perfect fit of the data to the regression line."

3.4.2.3 Degradation Homogeneity: Pitting Factor (PF), Difference/Volume Loss
Layer, Crest to Root Ratio

The homogeneity of the implant degradation is described in 3D (via 3D pitting fac-
tor) and in 2D (via 2D pitting factor, difference/volume loss layer and the crest/root ratio).
In the following section their calculation is reported.

1. Pitting Factor (PF) The following section has been published in [154].
"PF (in 3D and 2D), difference layer in 2D and crest/roots ratio were selected as
analysis parameters describing the degradation homogeneity. These are de-
scribed in more detail in following and were performed on samples degraded
between 7-56 days (experiment(ii) and (iii)).

The calculation of 2D-PF mean and standard deviation for each sample was
performed via equations 3.3 and 3.4 respectively, where N is the amount of
analyzed slices.

1 N
2DmeanPF[a.u.]| = PF = N ZPH (3.3)

N
2DstdPF = J Z (PF; — PF)? (3.4)
i=1

where PF; is the PF calculated as in equation 3.5 for each slice i of the chosen
volume of interest (VOI) [166]:

DP;
MDD;

PF;la.u.] = (3.5)
In equation 3.5 DP; is the deepest pit and MDD; is the mean degradation depth
of each slice, see figure 3.7C. Note that this calculation is only possible for the
slices where the degradation layer did not reach the center of the screw.

For the calculation of the 3D-PF in the equation 3.5 the DP [pum] is the deepest
pit of the whole 3D implant chosen among all slices of the VOI and MDD is
the one from the whole 3D implant calculated from the tomographic data with
equation 3.2."

2. Difference/Volume Loss Layer (Diff. Layer)
The following section has been published in [154].
"The volume difference between before and after immersion of each slice along
the longitudinal axis of the screw in voxels was calculated (3.6). Here, ncs = not
corroded screw, rs = residual screw (3.7)."

2Ddif f.layer; = (voxels,cs — voxelsys) - voxelsize® (3.6)

3. Crest/Root Ratio
The following section has been published in [154].
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FIGURE 3.7: Exemplary visualization of not corroded and corroded Mg screws A) Mg-5Gd
screw before immersion/degradation (ncs = not corroded screw): 3D volume rendering
after segmentation, B) Mg-5Gd screw after 56 days in vitro degradation. Screw after
degradation and removal of degradation layer (rs=residual screw): 3D volume rendering
after segmentation, C) Screw after degradation and before removal of degradation layer: A
representative slice from the middle of screw before degradation layer removal. Green line
—border between the preimplantation screw and the background; red line — separates the
degradation layer from the residual, not degraded material, the layer between the green
and red lines — difference layer; yellow line — deepest pit (DP) of this slice [154]

"In order to analyze the height variations of the degradation layer depending
on its location the 3D image of the difference layer was mapped to a 2D height
profile. For the latter a Fiji script was implemented (appendix F). Here the
height of surface was encoded as a grey value whereas the positions on the
screw surface are given by x and y. Figure 3 shows a 2D height profile of a not
corroded Mg-5Gd screw (3.8A) and difference layer (3.8B) of the same screw
after 56 days in vitro degradation. After transformation of the 3D images of the
difference layer into 2D images, the ratio of difference layer at the crest areas
divided by the amount of difference layer at the roots areas (equation 3.7) was
calculated.

N
Crest . GAcrests . ZiZI GAcrestsi
- T vN
Root GAroors Zi:l G

(3.7)

Acmstsi

where G4, and G4, represent the sum of the grey values in one crest and
root area, relspectively I(figure 3.8B). The grey values represent the thickness
of the difference layer. The determination of crests and roots was performed
semi-automatically; the first crest area was determined manually (dimensions
of A:a =43 pum, b =365 pm, a = 77°) and all following all crests and roots were
defined automatically."

3.4.2.4 Implant Integration into the Surrounding Tissue: Bone to Implant Con-
tact (BIC(t)), Bone Volume Fraction and Bone Area (BV/TV(t))

The extend and homogeneity of the implant’s integration into the surrounding tissue
is quantified via calculation of the amount and distribution of the bone to implant
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FIGURE 3.8: 2D image of Mg-5Gd screw imaged using pCT A) before degradation (not

corroded screw), B) difference layer as defined in 3.6, after 56 days in vitro degradation; the

colorbar in the images shows the image depth in pixel [154]

contact area and the amount of the bone, which surrounds the implant.

1. Bone to Implant Contact of Tomographic Data BIC(t)

The following section has been published in [155].

"In order to characterize how well the implant is integrated into the bone, the
BIC(t), which is the contact of the not corroded screw with the surrounding
bone, was calculated according to equation 3.8 (see figure 3.6B for visualiza-
tion).

#sur face voxels of implant in contact with bone
D — BIC[%] = .
3 Cl%] #total surface voxels of ncs 58

To determine the contact voxels, the not corroded screw was dilated once (Fiji)
and added to the label bone. The overlapping voxels were defined as in con-
tact. "

. Bone Volume Fraction of Tomographic Data (BV/TV(t))

The following section has been published in [155].

"In order to evaluate differences in the amount of bone formed around the
implants and to observe if there is a difference of it depending on the distance
from the screw, the BV/TV was calculated in three different regions of interest
(ROIs) around the screws [167]. The thread depth of those M2 screws is 250
pm, hence the analysed ROIs consisted of volumes of 100 um (very close to
the screw surface), 200 pm (a little smaller than thread depth) and 300 um
(a little larger than the thread depth) enlargements from the implant surfaces
(figure 3.6A). To define the three subvolumes, first the pre-implantation screw
was dilated 20 times, 40 times and 60 times, respectively then added to the
label bone and the not dilated pre-implantation screw was subtracted. The
overlapping region of the dilated bone and the original bone was defined as
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BV = bone volume. Equation 3.9 was used for the BV/TV calculation in each
area, with TV = total volume of the ROL

3D _ BV %] = #voxels of bone volume
TV ™ #ooxels of total volume of the VOI

(3.9)

The quality of SRuCT data gives sufficient contrast between non-mineralized
and mineralized bone, which enables the additional quantification of the non-
mineralized bone. In figure 3.9B it is possible to detect the newly formed,
non-mineralized bone, which exhibits the same structure as the mineralized
one, but less contrast to the background due to lower X-ray absorption [168].
Due to the low contrast between the background and the non-mineralized
bone the segmentation couldn’t be performed automatically. Since the semi-
automatically segmentation (via the region growing algorithm in Avizo) of this
non-mineralized bone was very time consuming, it was performed exemplary
only on three Mg-10Gd samples after 12 weeks degradation .

The broken degradation layer on the threads of the implant is well visible in
figure 4.8B. Some pieces of the figure degradation layer, which have fallen
apart, have been fully integrated into the bone and are visible in 3.9B. These
parts of the degradation layer do not count in the label degradation layer and
might falsify the results. To have an insight on the amount of the broken degra-
dation layers, integrated or not into the bone, three Mg-10Gd implants after 12
weeks were segmented semi-automatically via the region growing algorithm
in Avizo version 9.4.2)."

FIGURE 3.9: A and B) Two different Mg-10Gd implants after 12 weeks in vivo degradation;
f=fracture, db=degradation layer in bone, nmb=non-mineralized bone (newly formed
bone), d=degradation layer. [155]

3.4.2.5 Comparison of In Vitro with Ex Vivo Results

The following section has been published in [155]. "Comparison of results from ex
vivo and in vitro have been performed. The ex vivo(p)/in vitro(p) ratio (wWhere the p



3.4. Image Processing and Analysis 41

stands for the compared parameter) calculation was performed for the results at 4
and 8 weeks degradation time periods, as both experiment types were performed
for these time periods. Each for ex vivo(p) and in vitro(p) the mean value of the calcu-
lation is taken, since there were different amounts of samples in both experiments."

3.4.2.6 Correlations and Statistical Analysis

The following section has been published in [155]. "To measure the variation of the
PF and diff. layer over the whole sample along its longitudinal axis the coefficient of
variation (CV) of the PF for each sample was calculated via division of the 2D-mean
PF (equation 3.3) by the 2D-std PF (equation 3.4) and 2D-mean diff. layer by the 2D-std
diff. layer of each sample respectively [169].

The means, medians and standard deviations of all analyzed parameters were
calculated for each group. To measure the variation of the PF, volume loss and BIC
over the whole sample along its longitudinal axis the CV [169] of the pitting factor
for each sample was calculated via division of the 2D mean PF by the 2D std PF, 2D
mean volume loss by the 2D std volume loss and 2D mean BIC by the 2D std BIC of each
sample respectively. The CV PF, CV volume loss and CV BIC are considered as inves-
tigated parameters indicating the degradation homogeneity. Pearson’s R correlation
(linear correlation) was used to calculate the dependency between the parameters
investigated, assuming normal distribution of the data (in MATLAB R2019b). BIC
calculations obtained with histology and SRuCT were compared using a pair Person
correlation (a pair being the results of the calculation with the two methods on the
same sample).

The mean values of all the 2D and 3D parameters for each group (material per
each time point) were compared using 2-way analysis of variance ANOVA multiple
comparison test in MATLAB R2019b (The MathWorks Inc., USA). Multiple testing
correction was performed using the Bonferroni adjustment method [170]. A p-value
below 0.05 was considered statistically significant."

3.4.3 Various Influence Factors on Analysis Results

During the image processing several factors were identified, which had an influence
on the final analysis result. Hence, the most relevant were investigated.

1. Person-Dependent Segmentation Differences
In the following, to investigate how big the segmentation differences could be
if segmented by different persons, three slices have been segmented once by
M.Sc. student Paria Werner, once by Diana Kriiger.

2. Manual vs. Workflow Segmentation

To determine how strongly the segmentation influences the analysis param-
eters, the analysis was applied on the same data set, once segmented semi-
automatically (using the described workflow, section 3.4.1.1) and once by seg-
menting manually. Although it is difficult even by eye to determine some im-
age areas, it is assumed, that the manual segmentation is the more precise seg-
mentation. After the segmentation has been finished, those data sets have been
analyzed regarding following parameters: DR MDD, 3D-BIC, 2D-BIC, CV BIC,
3D-BV/TV, 2D-BV/TV, CV BV/TV, 3D-PF, 2D-PF, CV PF.

3. Variation of Dimensions when Tomographed via Different nCT Devices
The pre-implantation screws were tomographed at laboratory nCT and the ex
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vivo data were tomographed with the SRuCT at the P05 beamline. Due to the
use of different nCT devices during the registration process a dimensional dis-
similarity of the same screw tomographed before and after implantation was
discovered. Hence, a metal ball (with real physical diameter of Xmm) was
tomographed in both devices to determine the difference in the sample’s di-
mensions occurring due to the different image acquisition devices. The metal
ball tomography settings on the Nanotom were taken the same as for the to-
mography of the preimplantation screws: voltage = 100 kV, current = 70 pA,
voxel size ~ 2.7 pm. The metal ball tomography settings of the P05 beamline
were chosen the same as for the tomography of the ev vivo samples: energy =
30keV, binned voxel size ~ 1.3 pm.

. Influence of Object’s Geometry on the Results

Two objects were created in order to see how big the influence of the implants
geometry on the analyzed parameters is: a cylinder and a cuboid with the fol-
lowing dimensions: h = 4 mm, a = b = 2 mm. Both objects were shrunk by
250 pm for an homogeneous degradation. Parameters like MDD, mean cor-
rosion layer (MCL) and 3D-PF were analyzed. The MDD was calculated via
volume loss and the MCL was calculated slicewise, by averaging the degrada-
tion layer depth over all slices of the object. The measurement happens via
a self-implemented Fiji-script through all slices along the length of the object.
Hence, the MCL is the more accurate measurement as the usually calculated
MDD.

. Influence of Various Image Processing Steps on the Analysis Result

To obtain more correct segmentation, several image processing steps, like
smoothing, shrinkage or growing were applied to the segmented data. The in-
fluence of the data smoothing, growing shrinking with different parameters on
the analysis parameters DR, 3D-PF, 3D-BIC and 3D-BV/TV was investigated in
Avizo. All applied processing variations are presented in table 3.6. Therefore
three samples were explored: Mg-5Gd and PEEK explants after 12 weeks ex
vivo degradation and Mg-10Gd screw after 8 weeks in vitro degradation. The
analysis was not applied on a Ti implant due to the time consuming processing
and the assumption, that the influence of the processes could be the same as in
case of the non degradable PEEK implant. Figure 3.10 presents an exemplary
schematics of the image processing Nr. 7 from table 3.6. On the segmented not
corroded screw two operations were applied:

(@) The screw was grown in 3D with the pixel size of 1.

(b) Afterwards the screw was smoothened in 3D with the pixel size of 3.

The different procedures were applied on the not vorroded screw and on the
bone as presented in table 3.6. Overall 22 different procedure combinations
were applied. Afterwards the processed labels were analyzed and the magni-
tude of the processing influence on the analysis parameters was calculated.
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PROCEDURE !
Not processed label
Operation | Dimension Expand
Not corroded screw - - : -
Growing in 3D with 1 pixel
PROCEDURE Il
Processed label,
ready for analysis Operation | Dimension Expand
Not corroded screw Smoothing in 3D with 3 pixels

FIGURE 3.10: Exemplary schematics of image processing before image analysis:
corresponds to processing Nr. 7 from table 3.6. Input data is the not corroded screw. On
this data two procedurs are being applied: growing and smoothing. The outcome is the
processed not corroded screw, which will be used in the further analysis.

TABLE 3.6: Operations smoothing, growing or shrinking on the
already segmented labels before the image analysis. The operations
were applied either on label "not corroded screw" or on "bone".
*Pixel size of the applied procedure

Nr. Label OperationI | DimensionI | Expand*I | OperationII | DimensionII | Expand* II
1 | not corroded screw | smoothing 3D 3 - -
2 | not corroded screw | smoothing 3D 3 smoothing 3D 5
3 | not corroded screw | smoothing 3D 5 - - -
4 | not corroded screw | smoothing | 2D longitudinal 5 - -
5 | not corroded screw | smoothing | 2D transversal 5 - - -
6 | not corroded screw | growing 3D once - - -
7 | not corroded screw | growing 3D once smoothing 3D 3
8 | not corroded screw | growing 3D twice - - -
9 | not corroded screw | growing 3D twice smoothing 3D 3
10 | not corroded screw | growing | 2D longitudinal once - - -
11 | not corroded screw | growing | 2D longitudinal once smoothing 3D 5
12 | not corroded screw | growing | 2D longitudinal twice - - -
13 | not corroded screw | growing | 2D longitudinal twice smoothing 3D 5
14 bone growing | 2D longitudinal once - - -
15 bone growing | 2D longitudinal twice - - -
16 bone growing 3D once - -
17 bone growing 3D twice - - -
18 bone shrinkage | 2D longitudinal once growing 2D longitudinal once
19 bone shrinkage | 2D longitudinal once - - -
20 bone shrinkage | 2D longitudinal twice - - -
21 bone shrinkage 3D once - - -
22 bone shrinkage 3D twice - - -

3.5 Push-Out Experiments

In order to gain insight on the quality of the implant integration into the surround-
ing tissue in situ push-out experiments were designed on fresh explants of all four
materials. To make sure the samples are right positioned in the experimental setup
sample holders for each sample had to be prepared. The preparation of the sample
holder is presented in the following subsection. The explants with the sample hold-
ers were placed into the custom-made load frame, which is presented in [160]. To
ensure that the explants did not dry out, they were covered with parafilm. First, the
explants were tomographed without force, afterwards a sequence of increasing the
applied force and performing a tomographic scan was executed. Simultaneously,
reconstructions of the tomography images were performed to detect the occurrence
of cracks in the bone, corrosion layer and/or interface of bone and corrosion layer.
The increase of the applied force was taking place until either a detachement of the
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implant from the surrounding bone, or a bone/screw failure occured. Some prelim-
inary results from the push-out experiments are presented in [160].

The overall number of the samples studied with push-out testing is shown in
table 3.7.

TABLE 3.7: Number of samples planed for in situ push-out
experiments per implant material time point and material

4 weeks | 8 weeks | 12 weeks
Mg-5Gd 6 5 8
Mg-10Gd 8 6 7
PEEK 6 6 6
Ti 6 6 6

3.5.1 Modification of Sample Holders for Push-Out Experiments

For each ex vivo sample a holder was developed and 3D printed, leading to an align-
ment of the screw longitudinal axis parallel to the load axis. The sample holders
have been initially designed by Dr. Berit Zeller-Plumhoff. Further modifications of
the holder design have been applied by myself. The detailed modified SOP can be
found in the end of this subsection.

Prior to the holder preparation the fresh, frozen explants were being tomo-
graphed roughly with voltage of 120 kV, current 47 nA, just 400-900 images and
a voxel size of ca. 6-7.5 pm (maximum 10 minutes tomography for each explant
was reached by limiting the exposure time) at the laboratory nanotom. During this
rough tomography process the explants were kept frozen by keeping the explants in
an environment filled with dry ice.

Figure 3.11 represents the two iterations of the sample holder. In the first version
the ex vivo sample was being placed into the holder in a way, that the implant was
being pushed on its slit (figure 3.11A). Since on the other side of the implant it was
mostly completely covered by bone, by pushing on the implant in this direction, the
screw was not being pushed-out of the bone but into the bone. To correct this, the
sample holder was modified in a way, that the screw is being pushed on the opposite
end (not the slit end) (figure 3.11B).

The modified sample holder consists of two parts: top and the bottom (figure
3.11C) and the precise attachment of these both is ensured via designation on both
parts (visible in figure 3.11B). After preparation of the 3D data they were 3D printed
(Polyjet or Stereolithography with materials Watershed XC 11122 and MJP 3600 Max
(Visijet Crystal)). To make the explant to match perfectly into the sample holder the
small gaps between the sample holder and the explant were designed to be filled
with modelling resin for highend casting (easyformLC from DTAX, Ettlingen, Ger-
many) and hardened via UV-curing lamp (Dental 1500MW Curing Light Zahnarzt
Polymerisations lampe 5W whitening lamp - Black) through designed empty cylin-
ders in the bottom half of the holder (figure 3.11D). In the modified version, to be
able to push on the screw, first the bone covering the screw from the top had to be
removed. This was performed with a dental drill.

The step-by-step instruction for the sample holder preparation can be found in
appendix G.

The first step is to make a very fast pCT image of the fresh sample and segment
the screw and the surrounding bone in Fiji. The segmented screw from the ex vivo
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data and the ex vivo data are being registered and resampled on the reference screw.
The reference screw itself is already centered into the middle of the sample holder’s
top and bottom part. Hence the result of the registration and resampling is the right
orientation of the ex vivo data in the sample holder. Via a customized sample holders
are prepared for each individual ex vivo sample.

Implant /
screw
push-out
direction

Implant /
screw
push-out
direction

4 mm 4 mm

Top of the
sample holder

Bone

Screw

Cavities for
tooth
cement

Bottom of the
sample holder

Metal
— —
4mm 4mm holder

FIGURE 3.11: A) 3D volume rendering of the "old" sample holder; B) 3D volume rendering
of the modified, "new" sample holder consisting of the bottom and the top part; C)
XZ-ortho slice of the modified sample holder with the 3D volume rendering of the ex vivo
bone and the implant; D) YZ-ortho slice of the modified sample holder with the 3D volume
rendering of the ex vivo bone and the implant, additionally marked the push out pin
direction(orange arrow), tooth cement filling empty cylinders and the bottom sample
holder-holder pin(purple)
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Chapter 4

Results

4.1 In Vitro Experiments

All the results analysis described in the following sections have been published in
large parts in [154] and [155], hence some sections here are copied or paraphrased
from the publications. Values to all diagrams and significance analysis can be found
in the appendix B.

FIGURE 4.1: Polarized optical micrographs of Mg-5Gd (A, C) and Mg-10Gd (D, B) screws,
respectively. Markers in A): orange - area of root, green - area of flank, blue - area of crest,
C) and D) yellow line separates the deformed layer from not deformed one [154]

4.1.1 Macro- and Microstructural Analysis

The following section has been published in [154]. "The microstructure of Mg-5Gd
and Mg-10Gd screws, obtained from polarized optical micrographs, are shown in
figure 4.1. Mg-5Gd displays overall larger grain sizes (51.78 + 10.91 ym) and less
homogeneous grain size distribution, whilst the average grain size of Mg-10Gd is
significantly smaller (26.67 + 1.30 uym) and more homogeneously distributed.

The deformation layer is defined as the near-surface region of the screw, where
the machining process has influenced the microstructure and where no clear grain
boundaries can be identified (see figure 4.1C,D). Three threads (six flanks, three
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crests and three roots — exemplarily marked in figure 4.1A) of one screw of each
alloy were analyzed towards the deformation layer thickness. As displayed in table
4.1, there is no noticeable difference between the deformation layer thicknesses in
the roots of both alloys. By contrast, Mg-5Gd reveals a deformation layer nearly 2.5
times as deep as Mg-10Gd on the crests and flanks of the threads.

Optical microscopy images reveal a large number of twins in the near-surface
region of the threads in Mg-5Gd screws in comparison to Mg-10Gd screws.

TABLE 4.1: Deformation layers thicknesses of processed Mg-xGd
alloys in different areas of the screw [154]

Deformation layer thickness [pm] | Mg-5Gd | Mg-10Gd
Roots 10.7+3.1 | 9.2+43.5
Crests 19.3+6.6 | 7.8+3.8
Sides 12+4.9 4.9+2

The corresponding EBSD image quality maps of each crest and root of Mg-5Gd
and Mg-10Gd screws are presented in figure 4.2. EBSD maps show similar mi-
crostructural features to an optical micrograph, with grain and twin boundaries.
Figure 4.2 also shows the quantification of these boundaries and the corresponding
pole figures. The twin boundaries are marked with different colors corresponding to
the misorientation relationships according to the twinning types, e.g. tensile, com-
pression and secondary twins. It is obvious from the discrete pole figures, shown
in figure 4.2D and E, that Mg-5Gd has a stronger texture than Mg-10Gd, with the
basal poles perpendicular to the extrusion direction (ED). Mg-10Gd shows a more
homogeneous distribution of the crystal orientations, which is clearly visible in the
pole figure.

Tensile twinning is identified as the dominant mode in both alloys. The amount
of the secondary twin boundaries is much smaller with 3.8% for Mg-5Gd and 5.9%
for Mg-10Gd. For both alloys the smallest amount of boundaries are the compression
twin boundaries, i.e. 1.5% for Mg-10Gd and 0.8% for Mg-10Gd. KAM are analyzed
in three different areas, i.e. bulk, crest and root. The analyzed areas are depicted in
figure 4.3. It is visible that Mg-5Gd shows a higher misorientation angle, especially
at the crest and root of the screw, than Mg-10Gd (table 4.2). For a homogeneous
plastic deformation the applied strain needs to be accommodated possibly equally
in the material, while the dislocation slip and its accumulation result in a relatively
high misorientation in the deformed microstructure due to the lattice distortion from
the geometrically necessary dislocations. In the present study the area fraction of
the deformed structure with a KAM of 4°to 5°at the 4th neighboring points, i.e. at
a distance of 1.6 pm, is compared between the both alloys (table 4.2). The higher
area fractions of the deformed structure are found at different areas in Mg-5Gd. The
crest of Mg-5Gd shows about 50% more deformed area than that of Mg-10Gd, ca.
38% at the root and ca. 24% at the bulk. The difference in the fraction of the highly
deformed area between the crest and the bulk of the implants is approximately 27%
for Mg-5Gd and 13% for Mg-10Gd.
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FIGURE 4.2: Quality images overlapped with the highlighted grain and deformation
boundaries of A) Mg-5Gd and B) Mg-10Gd and with corresponding pole figures D) and E),
respectively. The normal direction (ND) is perpendicular to the transverse direction (TD)
and the extrusion direction (ED) of the sample, C) Surface fraction of each boundary from
the total detected boundaries in the selected area [154]
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Crest Root Bulk

Mg-10Gd

FIGURE 4.3: Kernel misorientation maps from EBSD measurements of Mg-5Gd and
Mg-10Gd screws crest, root and bulk at 4th neighbor (distance = 1.6 um) [154]

TABLE 4.2: Deformation layers thicknesses of processed Mg-xGd
alloys in different areas of the screw [154]

Angle of misorientation | Alloy | Crest | Root | Bulk
Mg-5Gd | 0.123 | 0.063 | 0.033
Mg-10Gd | 0.060 | 0.024 | 0.008

4-5 degree

Exemplary SRuCT slices and 3D renderings after segmentation of the Gd-rich
particles in a volume-of-interest of Mg-5Gd (A, B) and Mg-10Gd (C, D) screws are
shown in figure 4.4. The white dots in figure 4.4A and C are Gd-rich particles or
agglomerations thereof, while the x-Mg matrix is depicted in grey. More Gd-rich
particles are visible in Mg-10Gd than in Mg-5Gd, both in the slice and in the vol-
ume images. Agglomerations of Gd-rich particles in the extrusion direction are also
visible in figure 4.4B and C.

The results of the quantitative analysis of agglomerations of Gd-rich particles
from the SRuCT images are summarized in table 4.3. A significant difference is
found in the overall volume of the agglomerations (p<0.0005) between Mg-5Gd and
Mg-10Gd screws, where Mg-5Gd reveals a volume of agglomerations approximately
half of that of Mg-10Gd. The observed smallest distance between two particles
reveals that those agglomerations are less densely distributed (bigger distance be-
tween particles) in the matrix of Mg-5Gd than in Mg-10Gd, by nearly 35%. It is
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visible from the volume distribution analysis that Mg-5Gd screws show smaller ag-
glomerations than Mg-10Gd (volume outlier’s and median: p<0.0005 and p<0.05,
respectively). The high standard deviation of the Mg-5Gd agglomeration volume is
due to one very big agglomeration." [154]

B ._2 00 um

D 200 Hm_

FIGURE 4.4: A, C) 2D tomography slice of Mg-5Gd and Mg-10Gd screws in the
longitudinal direction of the screw (arrow: extrusion direction) B, D) Segmented Gd-rich
particles (white dots) in a VOI (480x480x960 pm?) of Mg-5Gd and Mg-10Gd, respectively;

voxel size = 2.4 um [154]

TABLE 4.3: Quantitative analysis of Gd-rich particle’s volume,
distribution, size in Mg-5Gd and Mg-10Gd screws (SRuCT n=5) in a
chosen volume-of-interest. *Calculation performed after removal of
the very high outlier volume 10257 [um3] [154]

Parameter Mg-5Gd Mg-10Gd Statistical Significance
Number of detected .
1 Gd-rich particles # particles 10038+1108 18293+2680 p<0.005
Total volume of the Total volume [%]:
2 Gd-rich particles meanastd 0.25+0.03 0.56+0.08 p<0.0005
3 Smallest dls.tance be.tween two | Smallest d1stfmce between 17.1540.88 11.1142.18 no sig. diff.
Gd-rich particles two particles [um]
4 Number of detected outliers # outliers 590369 986+92 no sig. diff.
Mean and std. size of the outlier 3. .
5 Gd-rich particles from the Volume [um?J: outlier’s | 194.29+230.17 | 5 53,930 g p<0.0005
s meanzstd (190.88+136.42)
volume distribution
Median size of the Gd-rich
6 particles from the volume Volume [pm®]: median 41.47 55.30 p<0.05
distribution
Mean diameter of Gd-rich Mean feret diameter [pm]: . .
7 particles from the 2D slices meanzstd 58420.19 625003 no sig. diff
Max diameter of Gd-rich Max feret diameter [pm]: . .
8 particles from the 2D slices meansstd 204.58+218.77 126.68+55.22 no sig. diff.
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4.1.2 Degradation Behavior In Vitro

For visualization, figure 3.7 shows 3D volume renderings of Mg-5Gd screw be-
fore and after 56 days in vitro degradation in DMEM+10% FBS medium. Figure
3.7C displays the deviation between the “difference layer” (layer between green and
red dashed lines including also some black image background) and the “degrada-
tion layer” (layer between green and red dashed lines without black image back-
grounds).
The following section has been published in [154].

"Results of DR calculations via weight loss (WL) and volume loss (VL) in in vitro ex-
periments in different immersion solutions are plotted in figure 4.5, for comparison
of the two measurement techniques (see also in Appendix). For both materials and
techniques a high spread of the DRs is observed, more so for Mg-10Gd than for Mg-
5Gd. It is recognizable that in comparison to Mg-5Gd, the DRw, of Mg-10Gd in the
beginning of the immersion period shows lower values than DRy, measurements.
Figure 4.5 shows that the degradation is faster at the beginning and decreases with
immersion time for both materials.

DR
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FIGURE 4.5: Degradation rates calculated via weight loss (DRwp) and
volume loss (DRyy), respectively [154]

The DRy, values of Mg-5Gd and Mg-10Gd screws degraded for 28 days in «-
MEM or DMEM, respectively, reveal, that there is a little difference between the
DRy, values of Mg-5Gd (a-MEM: 0.30+0.013 vs. DMEM: 0.33+0.03), while the dif-
ference for Mg-10Gd is more than 50% («-MEM: 0.19+0.01 vs. DMEM: 0.34+0.10).

The mean DRyy, of experiment (ii) and (iii) (7-56 days immersion time) are plotted
again in figure 4.6A, for better comparison with other computed parameters. Both
materials start nearly with the same DR, but Mg-10Gd shows a stronger reduction
over time. The corresponding MDD is presented in figure 4.6B. From the fitting slope
it is observed that Mg-5Gd reveals a higher GDR than Mg-10Gd (table 4.4), which
agrees with the DR trend.
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FIGURE 4.6: Results of semi static in vitro investigation of Mg-5Gd and Mg-10Gd screw
implants over 7-56 days period (experiment (ii) + (iii)) from tomography images. A)
Degradation rate, B) Mean degradation depth with linear regression fits (GDR: Mg-5Gd =
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0.21 mm/a; Mg-10Gd= 0.11 mm/a), C) Coefficient of variation of the difference layer over
the transversal slices of the 3D implant, D) 2D mean pitting factor, calculated for each slice
with its MDD, E) Coefficient of variation from D), F) Ratio of the degradation layers at the
crests and at the roots of the samples [154]
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The CV of the difference layer, which is the ratio between the 2D-mean diff. layer
and the 2D-std diff. layer, is presented in figure 4.6C and appendix. It shows that
Mg-5Gd starts with a smaller CV, hence lower variation of the amount of difference
layer along the screw and a very small standard variation between the samples in the
1st, 2nd weeks in comparison to than Mg-10Gd. It increases for both materials with
immersion time, more for Mg-5Gd, which at the last time point is approximately
35%, and 25% for Mg-10Gd. The 3D-PF represents the degradation homogeneity of
the 3D dataset. In contrast, the 2D-PF, being calculated slice-wise, represents the
degradation homogeneity of the same dataset statistically. The 3D-PF values, which
are presented in figure 4.6D and appendix, are much higher than 2D-mean PF values,
(presented in figure 4.6E and in Appendix). There are no recognizable differences or
tendencies in the 3D-PF between both alloys and/or time points. With exception of
the 1st week, Mg-10Gd shows a decreasing 2D-mean PF reaching its maximum in
the second week and a minimum in the 8th week. By contrast, Mg-5Gd does not
show any tendency, but shows overall smaller mean values than Mg-10Gd, except
for the 8th week, were they reach equity. The CV of the 2D-PF presented in figure
4.6F shows that there is a tendency of decreasing CV from the 1st to the 8th week
in case of Mg-10Gd and. Mg-5Gd shows values like Mg-10Gd in the 1st and the 8th
week and up to 10% lower CVs (meaning more homogeneous) values for 2nd, 3rd
and 4th weeks. Figure 4.6G presents the ratio of the degradation between the crests
and roots of the threads.

Both materials show crest to root ratios higher than 1, indicating faster degradation
in crests compared to roots. It is visible that there is a tendency of increasing crest to
root ratio of the degradation layer for Mg-10Gd from the 1st week to 8th week. Gen-
erally, Mg-5Gd shows higher values than Mg-10Gd. Until week 4, Mg-5Gd screws
degrade up to 50% stronger at the crests than Mg-10Gd.

While the overall standard deviations are large, in particular for the degrada-
tion parameters, the observed differences between both materials are summarized
in table 4.4." [154]

TABLE 4.4: Comparison of analyzed parameters for Mg-5Gd and
Mg-10Gd screws [154]

Parameter Mg-5Gd ... Mg-10Gd
Microstructure Grain size >
Deformation degree >
Gd-rich particles Volume <
Degradation DR >
velocity MDD >
CV diff. layer >
Degradation 2D mean PF <
homogeneity CV 2D-PF <
Crests/roots >
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4.2 Ex Vivo Experiments

In the following the results from SRuCT and histological analysis of the ex vivo im-
plants will be shown.

4.2.1 Degradation velocity and homogeneity from SRuCT analysis

Implant degradation rate and homogeneity from SRuCT analysis are presented fig-
ure 4.7. All values can also be found in the supplementary information. All the sig-
nificant differences observed are given in table 4.5. The comparison of parameters
between the in vitro volume loss measurements and ex vivo analysis are presented
in figure 4.9 and the corresponding values can be found in the supplementary infor-
mation.

4.2.1.1 Degradation Rate

The following has been published in [155].

"Both alloys revealed DRs below 1 mm/a for all time periods (figure 4.7A). There
were no significant differences in the DRs of different materials for the same time
points (p>0.05).

The MDD of the in vivo corroded implants is presented in figure 4.7B. The fitted
lines in figure 4.7B represent the GDR (see Equation 2, supplementary information).
The GDR of Mg-5Gd (0.18 mm/a) is more than twice as high as that of Mg-10Gd
(0.077 mm/a)." [155]

4.2.1.2 Degradation Homogeneity

In the following section the implant’s homogeneity analysis is presented via param-
eters CV volume loss and PF. It has been published in [155].

1. Coefficient of Variation of Volume Loss (CV Volume Loss)

"The coefficients of variation of the volume loss (CV volume loss) are presented
in figure 4.7C. High values for both alloys demonstrate high variability in the
amount of degradation layer in different parts of each implant. This inhomo-
geneity of the degradation performance can be observed in figure 4.8, which
shows different implant types after 12 weeks of degradation. Figure 4.8A in
particular displays a Mg-10Gd screw. While in a region of the screw nearly
all the threads were completely degraded (right hand-side in the figure 4.8A),
in the bottom region, four threads appeared intact. When studying Mg-5Gd
and Mg-10Gd alloys, we see that both alloys showed a decreasing tendency
over time. Through all time points, Mg-10Gd showed a higher variation be-
tween the CV values. Mg-5Gd on the other hand revealed smaller variations
and smaller mean values at 4 and 8 weeks than at 12 weeks. Therefore, Mg-
10Gd degraded more inhomogeneously than Mg-5Gd until the 12 week time
point. However, for CV volume loss there were no significant differences for the
different materials at the same time points found (p>0.05)." [155]

2. Pitting Factor (PF)
"3D-, 2D-mean PF and CV PF values are presented in figure 4.7D-F and in sup-
plementary information. A tendency for 3D-PF to decrease over time was ob-
served for both materials. Mg-10Gd showed an overall higher PF and higher
variations than Mg-5Gd at all time points, with the largest difference at 12
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week (Mg-5Gd 12.3 and Mg-10Gd 15.4). No significant differences for the 3D-
PF of the different materials in the same time points could be found (p<0.05).
There were no significant differences in the 2D mean PFs and CV 2D-PFs nei-
ther between the alloys nor between the time points and the values were lower
than the 3D-PF values. Except for the 8 week time point, Mg-10Gd showed
slightly higher mean values than Mg-5Gd. Hence, only the 3D-PF indicated
a slightly more inhomogeneous degradation performance of Mg-10Gd than of
Mg-5Gd." [155]
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FIGURE 4.7: Results of ex vivo investigation of Mg-5Gd, Mg-10Gd, PEEK and Ti screw
implants over 4,8,12 weeks healing period from SRuCT images. A) MDD with the fitted
GDR, B) DR, C) volume loss CV, D) 3D-PF, E) 2D-PF CV, G) 3D-BIC(t), H) 2D-BIC(t) CV , H)
BV/TV(t) for 200 um [155]
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FIGURE 4.8: Representative slices of SRuCT ex vivo images after 12 weeks healing A)
Mg-10Gd, B) Mg-5Gd, C) PEEK, D) Titan. The image contrast was adjusted for better
visualization, which results in the different grey level appearances of the bone in the
images. The scale bar applies to all images [155]

4.2.1.3 Comparison of Ex Vivo and In Vitro Results

The following section is cited from the publication [155], where the detailed compar-
ison of ex vivo and in vitro results is presented.

In figure 4.9, the ratios between ex vivo and in vitro results for 5 selected parame-
ters are displayed.

"The DRs observed ex vivo were higher than the in vitro ones for the same time
points (4 and 8 weeks). The difference is notably higher for Mg-10Gd (2.8 and 2.6
times for 4 and 8 weeks, respectively) than for Mg-5Gd (2 and 1.5 times for 4 and 8
weeks, respectively).

The CV volume loss obtained ex vivo is almost 4 times higher compared to the one
obtained in in vitro experiments, indicating a more inhomogeneous distribution of
the degradation layer ex vivo (figure 4.9).

The comparison of ex vivo and in vitro homogeneity behavior reveals that 3D-PF,
2D mean PF and CV 2D-PF are similar for Mg-10Gd in both experiments (except CV
2D-PF after 4 weeks). For Mg-5Gd, the 2D mean PF are similar in both experiments.
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The mean ratios of the CV PF are between 1 and 2, meaning the ex vivo samples show
higher overall inhomogeneity than the in vitro ones. This indicates that the degra-
dation homogeneity of Mg-10Gd is similar for the ex vivo and in vitro experiments."

[155]
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FIGURE 4.9: Factor (= ratio between mean ex vivo and mean in vitro analysis parameters (p),
whereby the parameter is plotted on the x-axis [155]

4.2.2 Implant Integration into the Bone from SRuCT and Histology

The results of investigation about how well the 3D implant is integrated into the
bone can be found in the following section (3D-BIC(t) and 3D-BV/TV(t)). Also the
results of the homogeneity of the integration is presented by use of the CV BIC pa-
rameter. The content of the following sections has been published in [155].

1.

Bone-to-Implant Contact (BIC)

"The results of osseointegration analyses of all four implant materials calcu-
lated on tomographic data are presented in figure 4.7G-I (Table 7 in Appendix).
The BIC(h) values from the 2D histological analysis are shown figure 4.10 [155].
First, it can be observed that while all implants showed increasing 3D-BIC(t)
over time, PEEK implants displayed generally lower values than all other ma-
terials. Significant differences were found between PEEK and all other materi-
als at all observation point. PEEK implants revealed on average between 25%
and 50% less BIC(t) than the other materials at all time points. Figure 4.8 shows
a magnification of an exemplary thread for each screw type to highlight this
fact. After 12 weeks of implantation, a gap is still visible between PEEK sur-
faces and the surrounding bone, indicating a low osseointegration rate (4.8 C),
in contrast to all other materials. Ti implants yielded the highest average 3D-
BIC(t) both at 4 and 8 weeks, but at 12 weeks both Mg alloys caught up, with
Mg-10Gd having the highest average 3D-BIC(t) at the longest follow-up time.
In general, Mg-5Gd revealed lower (at 4 weeks) or similar (at 8 and 12 weeks)
3D-BIC(t) values compared to Mg-10Gd. Furthermore, it appeared that Mg-
xGd alloys implants exhibited smaller variations in 3D-BIC(t) at 12 week than
the titanium implants. Since the 2D-mean-BIC(t) are nearly equal to the 3D-BIC
they are not presented in a graph or discussed. The results of CV 2D-BIC(t)
are shown in figure 4.7H. The lowest variations were observed in Mg-xGd al-
loys implants, where Mg-10Gd revealed slightly lower values than Mg-5Gd.
The highest variation values were observed in PEEK implants, which can be




4.2. Ex Vivo Experiments 59

related to the inhomogeneous distribution of bone-to-implant contact along
the implants. Significant differences are found between PEEK after 8 weeks
implantation and Mg-10Gd after 8 and 12 weeks implantation (p<0.05). Ad-
ditionally, a significant difference is observed between PEEK implants after 8
weeks and titanium implant after 8 weeks degradation.

For three Mg-10Gd samples after 12 weeks ex vivo degradation the 3D-
BIC(t) was calculated once with the mineralized bone only resulting in 3D-
BIC(t)=48.1%=1.2%, once after adding the non-mineralized bone resulting in
3D-BIC(t)=49.4%=1.6%." [155]
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FIGURE 4.10: Results of ex vivo investigation of Mg-5Gd, Mg-10Gd, PEEK and Ti screw
implants over 4, 8, 12 weeks healing period from histological analysis. (A) 2D Bone implant
contact (2D-BIC), (B) 2D Bone area (2D-BA) for 200 pm, (C) Tartrate resistant acid
phosphatase-positive area (TRAP) in a 200 pm ROI around the screw surfaces (Error bars
correspond to 99% confidence interval) [155]

2. Bone Volume Fraction (BV/TV(t))

The following section has been published in [155].

"Since the tendency for all materials” BV/TV(t) for all three VOIs were the same,
only the results for the 200 pym VOI are discussed here and the values for
the 100 pm and 300 pm VOIs are presented in the supplementary. Results
of BV/TV(t) in the VOI of 200 pm around the screws are presented in figure
4.71. Titanium samples revealed high BV/T'V values at each time point. In par-
ticular, already after 4 weeks of implantation, the amount of bone around Ti
implants was close to 50% and remained stable at longer time points (48.8%
at 4 weeks, 51.3% at 8 weeks and 49.3% at 12 weeks). PEEK implants showed
a BV/TV close to 40% at 4 weeks and it increased with time, with the highest
average value for all material at 12 weeks (49.4%). At 4 weeks, both Mg alloys
showed a BV/T'V close to 20%, which raised to around 35% at 8 weeks. After
4 and 8 weeks of healing, Mg-xGd alloys exhibited significantly lower BV/TV
values than titanium (p<0.0001) and PEEK implants (p<0.0001 and p<0.006 at 4
and 8 weeks respectively). Also for PEEK screws, the average values of BV/TV
at 4 and 8 weeks were significantly lower than those of PEEK. However, at 12
weeks mark, all materials yielded similar BV/T'V values, without statistically
significant differences (between 45% and 49.3%).
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For three Mg-10Gd samples after 12 weeks ex vivo degradation the BV/I'V was
calculated once only with the mineralized bone resulting in BV/T'V=36.6+5.6%,
once after adding the non-mineralized bone resulting in BV/TV=37.6+5.7%."
[155]

4.2.2.1 Correlations

The content of the following section has been published in [155].

"The results of the Peason’s R correlation of different parameters are presented in
table 4.5 with the interpretation of the Pearson’s R correlation coefficient from [171].
Only one very strong correlation between 3D-BIC(t) and 3D-BV/TV(t) was found,
which was for Mg-5Gd. This suggests that there was a dependency between the
amount of the bone growing in the surrounding of the screw and its connection to
the bone for the Mg-5Gd alloys. For Mg-10Gd and PEEK the correlation was moder-
ately strong. By contrast, there was no correlation for the titanium implants. A mod-
erately strong inverse dependency was found between the DR and the 3D-BIC(t)
in Mg-5Gd implants, meaning that an increase of 3D-BIC(t) can be correlated to a
decrease of DR. The same dependency was weaker for Mg-10Gd, but close to mod-
erately strong. Another moderately strong inverse correlation was found between
the 3D-PF and 3D-BV/I'V(t) of Mg-5Gd alloy implants. This dependency was just
fair for Mg-10Gd. A fair inverse correlation was seen between 3D-BIC(t) and 3D-PF
for Mg-5Gd, while there was a very poor, correlation for Mg-10Gd. For both alloys
there was a very poor correlation found between DR and 3D-PF." [155]

TABLE 4.5: Strength of the linear Pearson’s R correlations, BV/TV
and BA in 200 pm distance from implant surface (P1 and P2
correspond to Parameterl and Parameter2): VS=very strong,
MS=moderately strong, F=fair, P=poor [171] [155]

P1 P2 Mg-5Gd Mg-5Gd PEEK Ti
3D-BIC DR MS: -0.76 (p=.000) | F:-0.58 (p=0.003)
3D-BIC | 3D-PF | F:-042(p=.033) | P:-0.05(p=.000)

DR 3D-PF P:0.15 (p=472) | P:-0.19 (p=.355)
3D-PF | 3D-BVITV | MS: -0.60 (p=.001) | F:-0.37 (p=.065)
3D-BIC | 3D-BVITV | VS:0.86 (p=.000) | MS: 0.75 (p=.000) | MS: 0.73 (p=.000) | P: 0.05 (p=.831)

4.2.2.2 Qualitative Observations

The observations from the qualitative analysis are outlined in the following section,
which has been published in [155].

1. Degradation layers behaviour

"Some parts of the degraded screw threads were broken as observed on the
tomography and histological data, which might indicate a brittle behaviour of
the degradation layers (figure 4.8B). The amount of the degradation layer anal-
ysed on three Mg-10Gd screws after 12 weeks healing, which was fractured
(which could be detected with the naked eye and segmented on tomographs)
and fully isolated from the screw was 0.62+0.34%, of which (4.6 + 1.34)% were
surrounded by bone." [155]

The majority of the degradation layer debris figure 4.8B) were surrounded by
mineralized bone on the one side and by non-mineralized bone on the other
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side. The bone seemed to be growing into the degradation layer, between the
fracture lines of the degradation layer. Parts of degradation layer, which were
surrounded by bone, are shown in figure 3.9A. The distance between the sur-
face of the implant and the fractured pieces was 154 + 4 pm for Mg-10Gd af-
ter 12 weeks in vivo degradation. In several areas of the screws, the original
threaded shape was maintained intact, but the material was trasformed from
the original metal to degradation layer that displayed a different grey values
range in the tomographies and a different color in the histological slides.

2. Tissue Integration and Tissue Reactions Around Different Materials

The content of the following section has been published in [155].

"Bone tissue surrounded the implants of 4 materials already at 4 weeks, but
it increased by week 12. The bone grew inside the thread spaces and a thin
bundle of bone encapsulated most of the screws, extending even in those areas
that initially where not facing bone surfaces (i.e. the medullar space of the
tibia). However, differences appeared among the materials. The bone around
PEEK implants was less often in direct contact with the surfaces, compared to
the 3 metals.

Newly formed bone was found predominantly facing regions of the implants
that were more degraded, while more mature bone was observed incorporat-
ing areas of the implant with less corrosion. The newly formed bone looked
sometimes detached from the surfaces of the degradation layers, especially in
the 4 week samples, but that was likely an artefact of the critical drying pro-
cess. The bone was in tight contact with the surface of the 3 metals tested here,
especially after 12 weeks of healing. For many samples of the Mg alloy groups
at 12 weeks, the bone and the degradation layers were so tightly connected that
it was hard to distinguish between them, especially considering that the corro-
sion layers were stained in the same light purple colour of the bone. Osteocyte
lacunae in the bone demarcating Mg alloys looked often oriented parallel to
the implant surfaces. In general, no adverse reaction or excessive inflamma-
tory infiltrate was noted around ay of the implants in this study." [155]

4.3 Image Processing and Analysis

Semi-automatically segmentation workflows made it possible to provide the needed
amount of input data for the machine/deep learning approaches (training of neu-
rons networks) in a reasonable time (segmentation of 3 samples in 2 days was pos-
sible). Overall 18 data sets (3 data sets x 2 material x 3 time point) were segmented
semi-automatically.

4.3.1 "Difference" and "Corrosion" Layer

During the data analysis it was notable, that the borders of the pre-implantation
screw did not match with the borders of the post-implantation screw ( = residual
+ corrosion layer). This difference is visualized in figure 4.11. The layer between
the pre-implantation and residual screw is defined as "difference layer". In case of
a perfect registration process and if during the corrosion process no change of the
screw dimensions would happen, this difference layer would theoretically be the
corrosion layer.
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corrosion layer

FIGURE 4.11: Cross sectional view of a Mg-10Gd screw in the bone after 12 weeks in vivo
degradation. After registration, resampling and segmentaiton the white borders are
identified as the borders of the difference layer, which results when subtracting the residual
screw from the pre-implantation screw. The blue area is identified as the corrosion layer,
which results when subtracting the residual screw from the not corroded screw from the ex
vivo data. The pre-implantation screw, the not corroded screw and the residual screw are
described and shown in chapter 3 in figure 3.2.

But since there is a change of the original screw borders during the corrosion
process or/and because of the not perfect registration process, there is a small dif-
ference to detect between the "difference" and the "corrosion" layers volumes. Up to
14.8£7.6% for Mg-5Gd and 20.9+7.8% for Mg-10Gd after 4 weeks of in vivo degra-
dation is noticeable. In case of longer in vivo degradation this difference decreases
(after 8 weeks Mg-5gd and Mg-10Gd: 9.7+4.5% and 11.946.2% respectively; after 12
weeks Mg-5gd and Mg-10Gd: 11.1£3.1% and 8.7£2.6% respectively). But it doesn’t
necessarily mean, that the border is less changed, just that the change of the border
in relation to the whole corrosion or difference layer is relatively small (since the
volume of the corrosion or difference layer increases with the time). In general the
tendency is visible, that the difference layer tends to have a slightly higher volume
than the corrosion layer. If this difference just occurs because of a not completely per-
fect registration procedure, it should be kept in mind, that it can have an influence
on the analyzed parameters. If, for the sake of simplification, one would consider
the border of the pre-implantation screw and the bone as the bone-to-implant con-
tact borders, this might result in false BIC values. Hence a very precise segmentation
is necessary for an appropriate analysis.

4.3.2 Manual vs. Semi-Automatically Segmentation

A difference in the data was obtained, when segmented either manually or semi-
automatically. This difference had an influence also on the results of the analyzed
parameters. The magnitude of this segmentation influence on the analyzed param-
eters is shown in figure 4.12. It is obvious that some of the analyzed parameters are
more and the others less sensitive towards the segmentation. The highest difference
up to 325% is observed in the parameter CV-PF. The next highest difference (up to
50%) is found in the BIC between the same data once analyzed via manual once semi-
automatically segmentation. Also MDD is with 46% difference between manual and
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semi-automatic segmentation methods being sensitive towards data segmentation
method.
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FIGURE 4.12: Differences of the parameters, once analyzed on the manually segmented
data set and once on the semi-automatically. Mg-5Gd ex vivo sample after 12 weeks
degradation from Paria Werner’s master’s thesis

4.3.3 Automatic Segmentation

The preliminary qualitative comparison between the semi-automatic and the auto-
matic segmentation showed that the results of the automatic segmentation are more

precise. The latter can be observed in figure 4.13 by comparing the areas marked
with red arrows.

segmented via segmented via U-
original workflow Net

FIGURE 4.13: Mg-10Gd screw corroded in vivo for 12 weeks segmented semi-automatically
(via workflow) and via U-Net deep learning approach [161].

The quantitative analysis of this difference is investigated and published in [161].
Overall more than 100 explants were segmented using the this automatic segmen-
tation approach. For segmentation of each explant nearly 30 minutes are necessary.

For the manual segmentation of the sample amount of explants several years would
be needed.
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4.3.4 Person-Dependent Segmentation

Differences in the segmentation result depending on the segmenting person were
found. The selected slices for this person-dependent segmentation comparison are
presented in figure 4.14. The white areas in this figure represent the areas where the
difference in the segmentation appeared.

original data

not corroded screw

degradation layer

residual screw

bone

FIGURE 4.14: Person-dependent segmentation difference on three slices for the labels not
corroded screw, degradation layer, residual screw and bone. Image is taken from master’s
thesis of Paria Werner

Visually, more inconsistency can be observed in the segmented labels "degra-
dation layer" and "residual screw" (more white areas in figure 4.14). Up to =~ 60%
coefficient of variation is found for the label degradation layer. The next very high
coefficient of variation with ~ 40% is found for the label "residual screw". In contrast
to the above mentioned, the labels "bone" and "not corroded screw" are with CVs of
2.5% and 10% much less.



4.3. Image Processing and Analysis 65

4.3.5 Determination of Dissimilarities in Sample Dimensions

In figure 4.15, which shows the composition of the line profiles of the same metal ball
once tomographed with the labor pCT device Nanotom (red outline) and once with
the SRuCT at P05 (green outline), it is clearly visible that there is a difference in the
metal ball diameter. This difference is ca. 8 pum. It occurs because of the less blurred
borders of the ball imaged at the SRuCT compared to the one tomographed using
laboratory nCT. Previous to analysis described above, this difference was compen-
sated using a "correction factor", which was applied to the nanotom data (step 7 in
the SOP of the workflow).

FIGURE 4.15: Composite of the line profiles of a metal ball imaged once with the laboratory
pCT device Nanotom (red line) and once at the SRuCT at the IBL P05, DESY (green line).
Yellow is the overlapped area of red and green lines.

4.3.6 Influence of Different Image Processing Methods on the Results

Table 4.6 summerizes the influence of different image processings on the final analy-
sis parameter, explained in chapter 3, in subsection 3.4.3 (Nr. 5). The detailed infor-
mation about the type and the extent of influence of each processing can be found
in chapter 3, table 3.6. After calculating the coefficient of variation it is recognizable,
that the most sensitive parameter is the 3D-BIC (much more for the PEEK screw, but
not for the Mg-5Gd screw) (4.6).

TABLE 4.6: Coefficients of variation (CV) for parameters
degradation rate (DR), 3D pitting factor (3D-PF), 3D bone to implant
contact (3D-BIC) and 3D bone volume density (3D-BV/TV) of a ex
vivo degraded Mg-5Gd and PEEK implants after 12 weeks in vivo
degradation and a Mg-10Gd screw after 8 weeks in vitro degradation.
BV/TV is calculated at 200 pm distance from the implant’s surface

cv Mg-5Gd | Mg-10Gd | PEEK
DR [mm/a] 28.5% 0% -
3D-PF 8.3% 0.6% -
3D-BIC [%] 3.4% - 63.0%
3D-BV/TV [%] 0.5% - 10.2%

The next parameter that changed noticeably is the DR for the in vivo degraded
Mg-5Gd screw. After the elimination of the outlier DR = 0.05 mm/a the CV of DR
(Mg-5Gd) over the operations would be 11%. In contrast, the CV of DR of Mg-10Gd
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is 0, which means, that there is no influence of the operation paramaters on the
DR analysis of the in vitro data. 3D-PF is 14 times more influenced by different
operations in case of Mg-5Gd than of Mg-10Gd.

4.3.7 Influence of Different Implant Geometries on Analysis Parameters

To investigate the influence of the analyzed object’s shape on the analyzed param-
eters MDD and 3D-PF, the corrosion of two different objects was simulated. A ho-
mogeneous corrosion of a cylinder and a cuboid was simulated (figure 4.16A). The
white area in figure 4.16A represents the simulated degradation layer.
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FIGURE 4.16: A) Visualization of homogeneously degraded cylinder and cuboid, B) Results
of MDD, MCL and 3D-PF calculation of the homogeneously degraded cylinder and cuboid

The comparison results are presented in figure 4.16B. As expected, the MCL for
the homogeneous corrosion of the cylinder and cuboid is 250 pm. MDD, corrosion
layer and PF calculations are performed on the part of the screw without the slit.
MDD, which is calculated with the common formula out of the volume loss, is much
less (ca. 200 pm for the cylinder and the cuboid). The homogeneously corroded
cylinder (PF=1.02) and cuboid (PF=1.23) indicate, that the way of the 3D-PF calcula-
tion is right.

4.4 Push-Out Experiments

The results of push-out experiments are preliminary as the study is ongoing. First
outcomes of Mg-5Gd alloy and Ti explants after 12 weeks in vivo degradation are
presented in figures 4.17 and 4.18. The comparison of first results showed that a
crack first develops in the interface between the bone and the implant for both Mg-
5Gd alloy and Ti implant. In case of the Mg-xGd alloys simultaneous cracks also
occur in the degradation layer. In case of Ti implant the bone cracking is being the
results of the increasing force on the implant.
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FIGURE 4.17: Mg-5Gd explant after 12 weeks in vivo degradation during the push-out test.
A) A longitudinal slice of the explant when the screw is intact with the bone as long as no
load is applied on the screw (left image) vs. implant failure in the bone after application of
a force higher than 80N on the screw. B) Magnification of a chosen area of interest, showing
the ongoing detachment of the screw from the bone and the crack development in the
degradation layer with increasing applied force.

Plotting the applied force against the whole push-out experiment time one ob-
tains curves, which correspond to the characterization of the implant stability and
integration into the bone. Figure 4.19 shows the first results, which indicate, that Mg-
5Gd explants fail at smaller load forces than Ti or PEEK implants. It is also visible,
that the force the Ti explant can handle before breaking in the bone is twice as high
(160N) as the force the Mg-5Gd can handle (80N). It is important to mention that
the Mg-5Gd screw failed at much lower forces when tomographed with old, higher
dosis. When the bone is being subjected to a high X-ray dose, it is turning more brit-
tle, hence the failure of the implant is happening earlier. Although the modification
of the X-ray dose does increase the maximum force before the failure of a Mg-xGd
screw, it is still less stable in the bone than Ti or PEEK (figure 4.19).
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FIGURE 4.18: Ti explant after 12 weeks in vivo degradation during the push-out test. A) A
longitudinal slice of the explant when the screw is intact with the bone as long as no load is
applied on the screw (left image) vs. implant failure in the bone after application of a force
higher than 160N on the screw. Several bone areas being broken are visible. B)
Magnification of a chosen area of interest, showing the ongoing detachment of the Ti
implant from the surrounding bone and the failure of bone with increasing applied force.
However, no detachement and/or failure are yet visible at the 80N force.
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FIGURE 4.19: Push-out results of Mg-5Gd, Ti and PEEK samples after 12 weeks healing
time. Yellow marked force-time plot: experiment with too high X-ray dose during the

image acquisition. Green marked force-time plots: experiments with adjusted X-ray dose
during the image acquisition.
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Chapter 5

Discussion

A detailed discussion about the in vitro, ex vivo degradation rate and homogeneity
of the investigated Mg-xGd alloys have been published in large parts in [154] and
[155]. Hence some sections here are copied or paraphrased from that publications.
The subject of current thesis are Mg-5Gd and Mg-10Gd alloys in the shape of M2
screws. Their microstructure, in vitro and ex vivo degradation rate and homogeneity,
as well as their integration into rat bone have been investigated. One of the inten-
sively used investigation techniques was micro computed tomography, resulting in
necessity of image processing and analysis. In the following are the results from the
image processing and analysis, in vitro, ex vivo and push-out experiments discussed.

5.1 In Vitro Experiments

The following section has been published in [154].

"In the following, we will discuss the effect of the microstructure on the degradation
behavior to highlight advantages and disadvantages of the Mg-5Gd and Mg-10Gd
alloys for the use as implant material.

This study supports the tendency of higher extrusion speeds to result in bigger
grain sizes as observed in [171]; Mg-5Gd with higher extrusion velocity revealed
bigger grain sizes in comparison to Mg-10Gd. Additionally, a more homogeneous
microstructure of Mg-10Gd samples in comparison to Mg-5Gd was observed.

The investigation of the influence of the machining on the near-surface mi-
crostructure of the screws revealed higher and regionally deeper microstructural
deformations in coarse grained Mg-5Gd than Mg-10Gd. The latter is in agreement
with previous findings of Gawlik et al. [172]. The Mg-5Gd matrix with coarse grain
structure revealed also more tensile twins and tensile twin boundaries than the fine-
grained Mg-10Gd alloys. This is in agreement with the fact that the growth of the
twins is limited by the grain size, hence bigger grains produce bigger twins and
consequently more twin boundaries [173].

Furthermore, Mg-5Gd reveals higher KAM values than Mg-10Gd, and hence has
overall more deformed structures. It was previously discussed that the chemical
activity at grain boundary regions increases the dissolution rate of fine grained al-
loys [174-176] and that more instable microstructural features have higher energies,
which could accelerate the degradation process. We hypothesize that this process is
responsible for the faster degradation speeds observed for Mg-5Gd. This is in con-
trast to the hypothesis of Gawlik et al. [172] that thicker twinning zones slow down
the dissolution rate of the alloy, by acting as borders between the grains. Apart from
having an influence on the DR, the deformation also has an impact on the mechanical
properties of the material. Extension twinning occurs under tensile stress along the
crystallographic c-axis, which results in a sudden re-orientation of parent grains by
approximately 86.3° [177, 178]. When the tension twinning dominated deformation
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exhausts, a fast strain hardening is happening, which later leads to an early fracture
[179]. From this we conclude that the weaker texture of Mg-10Gd could be more
beneficial for the deformation accommodation by the dislocation slip and for a more
homogeneous deformation, thus lower risk for an early fracture can be expected for
the Mg-10Gd alloys.

In addition to the deformations, the presence of metallic particles in the alloys
may have an influence on the degradation behavior. The bright particles observed
in the 3D volume are assumed to be agglomerations of GdH, particles, which is in
agreement with the literature [180]. Under the assumption that these particles act as
sites for galvanic corrosion, the smaller the particles and the more homogeneously
distributed, the more homogeneous the degradation mechanism should be. Addi-
tionally, the more particles present in the alloy the faster the DR should be. Based on
the observed degradation behavior it appears that the presence of these particles is
negligible.

Based on the computed parameters, no clear conclusion can be drawn in terms of
the homogeneity of the degradation of both materials. Similar to [25], the higher val-
ues of 2D mean PF in the Mg-10Gd samples in this study are caused by the fact, that
in relation to the lower average degradation depth the pit’s depths are rather high.
The deepest pits are approximately 632.5 ym in Mg-5Gd and 379.5 pm in Mg-10Gd
and can be more than twice as deep as the screw thread. In general, the decrease of
the PF values during longer degradation periods can have several reasons: i) several
small pits could merge; ii) inhomogeneities, like GdH, particles, could fall out of
the pits; iii) small pH differences between the surface and the deep pits, leading to
slower degradation rates at the deeper pits than at the surface; iv) larger screw sur-
face area at the top of the pit than at the bottom of the pit, hence less surface energy
and slower degradation rates at the deeps of the pits as at the tops. The latter two
points could also be a reason for the degradation rate differences at the roots and the
crests of the screws.

In this study a larger decrease of DRs with the immersion duration of Mg-10Gd
screws in comparison to Mg-5Gd could be detected. Kubasek et al. [12] discussed,
that the Gd>* cations substitute Mg?* cations in the degradation layer, hence slowing
down the degradation process. One of the reasons that Mg-5Gd screws degraded
faster than Mg-10Gd could be the amount of Gd dissolved in the Mg-matrix. This
difference becomes stronger for longer immersion times, which is consistent with
Harmuth et al. [180] who did not find any significant correlation between the DR
and the alloy composition in short time of 7 days corrosion tests of Mg-Gd alloys
with 2, 5 and 10 wt.% Gd content.

With respect to the degradation rate both materials reveal a DR appropriate for
orthopedic implants [6]. According to Rahim et. al. [6] the bone healing time can
range from a month to 6 months in humans. By considering the calculated GDRyy,
of 0.25 mm/a for Mg-5Gd after 56 days of degradation, the MDD of Mg-5Gd af-
ter 6 months is 115 pm. Performing the same MDD calculation for a degradation
time of 6 months for Mg-10Gd one obtains a MDD of 69 ym (with GDRyy, = 0.15
mm/a). Therefore, for the given implant geometry, Mg-5Gd would remain in the
body for 4.3 years and Mg-10Gd for 8.1 years, before dissolving completely (assum-
ing MDD=radiusimplant = 0.9 mm). However, as we have shown that both materials
degrade inhomogeneously, and given the sizes of the deepest pits, it is possible that
the dissolution will occur faster in vivo. Based on this inhomogeneity, future tests
must also take into account the change in mechanical stabilities of the implants over
time.
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Overall, in contrast to weight loss measurements, SRuCT measurements allow
not only to assess the volume loss but also enable a description of the degradation
homogeneity in a qualitative and quantitative way. Depending on the degradation
period and image resolution volume loss measurements can give more precise re-
sults than the weight loss measurements of the degradation rate." [154]

5.2 Ex Vivo Experiments

An inescapably important comparison to the in vitro results are the results from ex
vivo analysis, which were obtained via imaging techniques. At the same time, the
osseointegration of the Mg-xGd alloys and the reaction of the surrounding tissue
were studied and compared to control materials, Ti and PEEK, commonly used as
orthopaedic implants.

Some parts of the following sections habe been published in [154] and [155].
"Previous research pointed out that the degradation rate of Mg alloys is usually
faster in vitro than in vivo [125]. However, this was not confirmed by our study,
where the opposite was found, with the ex vivo implants revealing higher DRs than
the in vitro corroded ones (2 and 1.5 times for 4 and 8 weeks Mg-5Gd; 2.8 and 2.6
times for 4 and 8 weeks Mg-10Gd). A similar tendency was observed also in [126]
on Mg-10Gd and Mg-2Ag alloys implants. As discussed in [126], the reasons for this
tendency may be that the in vitro tests are mostly observed on disks instead of the
actual implants. Moreover, SRuCT investigations of ex vivo data are conducted at
significantly higher resolution than the in vivo imaging, which may result in signifi-
cant differences. A possible explanation for the implants” degradation in vivo being
faster than in vitro could be the influence of the mechanical stresses on the screws ei-
ther due to the friction of the implant with the osteotomy walls during the insertion
or due to the animal’s movement during the implantation period in the animal, or
a composition of both aspects [126]. Another possible reason for the faster degrada-
tion in vivo than in vitro is that in tissues the pH is efficiently buffered continuously
and the degradation products as well as the Mg ions are quickly removed by the
blood flow, while new electrolytes are fed to the corrosion sites, maintaining the
local implantation environment propitious to continuous degradation [181]." [155]

"The Mg-10Gd implants in the current study degraded significantly slower than
the alloy presented from Galli et al. [126] (ca. 50% and 33% lower after 4 and 8
weeks implantation respectively). However, despite the nominal alloys were the
same in both studies, other factors were different. The microstructure of the alloy
studied in the present study was more homogenous than the alloy investigated in
the former study [126]. Our alloy showed smaller grain size (GS) standard deviation
(GS = 26.67 + 1.3 ym) in contrast to the one in [126] (GS = 21.9 + 11 um), and finer
and better distributed Gd-rich particles. Hence, a more homogeneous degradation
behaviour could be a reason for the enhanced degradation behaviour, and decreased
degradation rates." [155]

A comparison of the DRs between the Mg-10Gd screw implants from this study
and the Mg-10Gd pin implants from Myrissa et al. [125] after 4 weeks implantation
reveal 0.1 mm/a slower DR of the allow from this study. In addition, Myrissa et al.
were not able to observe the implants volume after 12 weeks degradation, due to
its integrity loss and disintegration into small remnants of the material. In contrast,
the observation of the post-implantation screw in our study was not a problem. In
comparison to the Mg-2Ag and pure Mg pin implants after 12 weeks healing from
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the same study [125] both Mg-xGd alloys from this study show higher DRs (Mg-5Gd
0.14 mm/a higher and Mg-10Gd 0.06 mm/a higher).

The homogeneity of degradation, which is an important characteristic for the
mechanical integrity of the implants during healing, is mainly described by the PF,
with a lower PF indicating a more homogenous corrosion behaviour. In our study,
the 3D-PF was higher for Mg-10Gd than Mg-5Gd and it tended to slightly decrease
over time. It was interesting to compare the 3D-PF observed in this study to the one
resulted for the same alloys in an in vitro study. In general, the ratio between the
ex vivo 3D-PF and in vitro 3D-PF is near 1 (with exception of Mg-5Gd after 8 weeks
healing) for both materials 4 and 8 weeks. With a factor of 0.9 Mg-10Gd after 4 weeks
healing shows the most ex vivo ad in vitro comparable 3D pitting. The 3D-PF of Mg-
10Gd implants was lower ex vivo than in vitro, after 4 and 8 weeks of degradation.
Similarly, the 3D-PF of Mg-5Gd in bone for 8 weeks was lower than that calculated
in vitro. We can explain it partly by the increased DRs in vivo compared to in vitro,
and since DR is the denominator of the formula to calculate the PF, a higher DR
results in a smaller PF even with equal pits depth in the samples.

On the contrary, Mg-5Gd implants at 4 weeks revealed higher 3D-PF values in
vivo, while still having higher DRs in vivo than in vitro. This may indicate that the
pitting corrosion for these material in bone was significant in the early stages of
degradation.

The 2D-mean PFs was slightly lower ex vivo than in vitro, both at 4 and 8 weeks for
both materials. However, the coefficient of variation (CV) of the 2D-PF was higher
in vivo than in vitro. It describes the variation in 2D-PF between different slices of
the screws, as it is reconstructed on SRuCT. In addition, we observed a higher CV
of 2D volume loss of the in vivo degraded screws for both materials and time points.
This parameter again described the variation of volume loss in different slices of the
screws. It revealed a relevant intra-implant variation, because different regions of a
same screw corroded differently, but did not display higher pitting factors. In other
words, the amount of material degraded is more or less homogeneous when calcu-
lated in each slice, without deeper pits, but slices at different height of the screws
showed different amount degradation.

This phenomenon is not surprising, considering the composition of the bone tis-
sue in which the screws were immersed. Some parts of the screws were in contact
with the hard and compact bone of the cortical region of the tibia, while other parts
were exposed to the trabecular bone with more marrow spaces or even the marrow
cavity, and therefore the vascularization and fluid exchange was different in these
different regions. That could have induced different environments for corrosion.
Moreover, areas of the screws in contact with the cortical layer of the rat tibia could
have been exposed to different levels of strain, due to the movement of the rats,
and that might have triggered more degradation. The screws degraded in vitro were
all immersed in the cell culture media and were therefore less affected by localised
corrosion.

Another observation was that the screws were qualitatively more degraded at the
bottom and at the top. An explanation for the latter could be the fact that at these
areas there is more implant surface being exposed to the surrounding. One could
also argue that the pitting corrosion would be mostly visible in the early implanta-
tion stages, when the MDD values in the PF formula are the highest. However, we
found a poor correlation between the DR and 3D-PF of both alloys, and for that we
assumed that even in the early stages the degradation homogeneity is not influenced
by the higher DRs.
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What concerns the osseointegration, both Mg-xGd alloys performed as good as
the Ti implants, at least in the healing times investigated here. The BIC studied with
both imaging methods of tomography and histology, confirmed high values for the
Mg alloys and the Ti.

"Comparisons of BIC among different studies should be done with caution, as
there is a lot of variability among experiments (for example the shape of the implant,
the implantation site, as well as the scanning parameters). However, it seems that
the current results are in line with other results in literature. The 3D-BIC(t) of the
current Mg-xGd alloys are similar to the 3D-BIC(t)s of an AZ31 alloy and pure Mg
implants presented in [182] after 4 weeks. After 12 weeks of healing time however,
Mg-xGd alloys show a lower 3D-BIC(t) of approximately 5% and 20% for AZ31 and
pure Mg, respectively." [155]

For 4 and 12 weeks implantation time periods, the 3D-BIC(t)s of Ti implants in
[126], which were implanted in rat tibia as in our study, were at least 30% higher
than in the present study. By contrast, the 3D-BIC(t)s of Mg-10Gd in this study were
5-10% higher than in [126].

"The lower DRs observed in this study, which resulted in lower amounts of pro-
duced hydrogen gas, could explain the higher BIC values for the studied Mg-xGd
alloys. The hydrogen gas formation during the initial fast degradation in tissues,
could be the reason for the lower amount of bone found in the surroundings of
the Mg-xGd screws compared to the Ti implants after 4 and 8 weeks implantation
(BV/TV values). In a previous study of Marco et al. [124], the DR (1.11 + 0.05 mm/a)
of a Mg-10Gd pin implant was much higher than the one of pure Mg (0.15 + 0.03
mm/a) and Mg-2Ag (0.13 + 0.04 mm/a) from the same study. However, the number
of gas pockets detected via pCT after 7 days post-implantation with Mg-10Gd (0.23
+ 0.32 mm?®) was much lower than with pure Mg (3.4 + 1.93 mm?®) and Mg-2Ag (6.52
+ 8.41 mm?). As a reason for it was suggested, that the Mg-RE alloys, e.g. Mg-10Gd,
can form hydrides in cuboid shape absorbing hydrogen from the environment [183—
185]." [155]

However, in many images, newly formed bone was seen in proximity of degra-
dation layers, but detached from them buy a thin gap, with the gap being completely
empty and not stained with cells or tissues. We thought this might be an artefact of
the critical point drying procedure. This new bone was probably less mineralized,
and it might in fact have shrunk during the drying process, resulting in a thin gap
between the bone and the implant. That suggests that the real BIC for the Mg alloys
was probably higher in the living animal than what we measured ex vivo.

"When correlating the 3D-BIC and DR, we found a moderately strong inverse
correlation for the Mg-5Gd screws and a fair inverse correlation for the Mg-10Gd
implants. This can be interpreted in two ways. In the first, we hypothesised that Mg-
5Gd degradation was affected by the amount of the bone attached to the implant,
with a lower DR when more bone was in contact with the implant surface. The
reverse hypothesis was that the formation of a close connection of bone to the Mg-
5Gd was stronger when the degradation rate was lower, possibly due to the less gas
formation interfering with the attachment of bone cells to the surface. Both these
phenomena were for some reasons more accentuated for Mg-5Gd than for Mg-10Gd.

Previous in vivo investigation utilizing Mg implants have suggested that Mg en-
hances the bone formation and mineralization compared to permanent implants [29,
186, 187] and the possible reasons for that have been mentioned either the release of
Mg ions or / and the alkalization of the local environment during the degradation
[126, 188, 189]. In addition, the degradation layers of Mg-alloys are rich in Ca and
P ions, which are the same components of hydroxyapatite, the bone mineral matrix,
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and therefore might be osteoconductive. In fact, our observation of an increasing
amount of 3D-BIC(t) and 3D-BV/TV(t) with ongoing healing time would support
the latter suggestion.

Additionally, the fair and poor correlation of 3D-BIC to 3D-PF of Mg-5Gd and
Mg-10Gd, respectively, indicate that a relatively high pitting factor does not interfere
with the apposition of bone on the implant surfaces. Mg-10Gd are less vulnerable of
degradation homogeneity from BIC in comparison to Mg-5Gd implants. However,
the moderate strong and fair correlation of the 3D-PF and 3D-BV/TV for Mg-5Gd
and Mg-10Gd implants could indicate the influence of the surrounding bone on the
degradation homogeneity, more so for Mg-5Gd than for Mg-10Gd. Nevertheless, it
has to be mentioned, that after elimination of the 3D-PF outliers >30 of both mate-
rials, the correlations assimilated (correlation 3D-PF to 3D-BIC: -0.44 and -0.42 for
Mg-5Gd and Mg-10Gd respectively; correlation 3D-PF to 3D-BV/T'V: -0.55 and -0.45
for Mg-5Gd and Mg-10Gd respectively). The latter could indicate that the implant
performance of both materials is more vulnerable for unexpected and/or different
behaviour in the beginning of the implantation and are more similar in their perfor-
mance after a certain period of implantation." [155]

"However, despite PEEK implants had significantly lower BICs than the other
materials, their BV/T'Vs and BAs were comparable and increased with the healing
time. This suggested that all materials were gradually surrounded by bone, as a
possible shielding form the richly vascularized medullar cavity. This bone was is
tight contact with the 3 metals, including the areas of degradation layers for the Mg-
alloys, but it was not with PEEK screws. This findings supports previous observa-
tions that PEEK does not support bone formation in direct contact with its surfaces
as other implant materials like Ti do [190-193]. The strong and moderately strong
correlation found between 3D-BIC and 3D-BV/TV for Mg-5Gd, Mg-10Gd suggested
that for these materials the presence of more bone tissue in the proximity of the
implants increased the probability that this bone was in contact with the implant
surfaces.

However, the same moderate strong correlation is also found for the PEEK im-
plants, which displayed overall low 3D-BIC. The observed very poor correlation for
the Ti implants, suggests there is no increasing implant stability over the implanta-
tion period for Ti screws, if high initial 3D-BIC correlates to implant stability. The
latter can be explained with the fact, that Ti has already very high BV/TV values
after 4 weeks healing.

Additionally, the much more homogeneous distribution of the BIC in Mg-xGd
and Ti implants (with increasing homogeneity with the implantation time period)
in comparison to PEEK leads us to assume a more reliable and more homogeneous
osseointegration of these implants." [155]

"The formation of the new bone and the ingrowth of the bone into the degra-
dation layer, the complete bone integration of the detached debris of degradation
layers for Mg-10Gd alloy, as well as the new bone formation in the environment of
Ti implants have been already qualitatively observed in [126]. We confirmed this
finding by a quantitative analysis of the distance and the integration of the fractured
degradation layer into the bone. We could assume that the brittle behaviour of the
degradation layers did not undermine the implant stability. In addition, the encap-
sulation of the newly formed degradation layers into bone suggest that the integrity
and stability of the Mg-xGd implants did not decrease over time." [155]
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Finally, it should be noted that SRuCT displays advantages in terms of the quan-
tification of osseointegration over the gold-standard technique of histology, as it al-
lows for a more comprehensive evaluation in 3D. A big advantage of the pCT inves-
tigation of the implant degradation in comparison to the histology is the possibility
of gaining information on the degradation of the implant in 3D volume without
the risk of the investigated 2D slice not being representative for the entire implant
in case of histological investigation [194]. Additionally, the 3D volumetric data are
opening possibilities for analysing the degradation homogeneity of the implant not
just qualitatively, but also quantitatively over the whole implant, by parameters like
pitting factor, which usually is being determined on the bulk material and not on the
implant itself, which might be a reason for the differences in the results.

5.3 Image Processing and Analysis

One of the major parts of this work was the image segmentation as a part of im-
age processing, which is a precondition to the image analysis. The duty of image
segmentation in this work was the separation of the tomographed in vitro or ex vivo
degraded screw and the degradation layer, as well as the the bone surrounding the
ex vivo degraded screw. The most easy way of segmentation via thresholding tech-
nique couldn’t be chosen as the only image segmentation in this work, due to the
similarities of the linear attenuation coefficients of the bone, the degradation layer
and the residual screw.

However, after evaluating a semi-automatic segmentation workflow, its effi-
ciency and accuracy was not satisfying. For a proper segmentation of one data set at
least 3 days of work were necessary.

The highest difference up to 325% is observed in the parameter CV-PF. A possi-
ble explanation for this high difference between the PF variations through the slices
among the implant could be the following: during the manual segmentation on each
third slice the deepest pit is being correctly segmented and the transition from slice
to slice is being smooth. The smooth transition from slice to slice might be miss-
ing when segmenting only few (max. 10) slices semi-automatically and applying
watershed on between the slices. Differences up to 50% for BIC and 46% for MDD
were calculated when analyzed the same dataset once segmented completely man-
ually (very time consuming, ca. 2 weeks, but precise) and than semi-automatically,
via workflow. The explanation of this high difference in BIC might be found when
thinking of the BIC definition: it is defined as one-pixel area between the bone and
the implant. Hence a one pixel difference in the segmentations of the among the
whole screw in all directions might result in a 100% difference in parameter BIC.

The next noticeably changed parameter is the DR for the in vivo degraded Mg-
5Gd screw. The noticeable change of the DR of in vivo degraded Mg-5Gd screw when
on the data then treated with different operatons could be the following: since the
Mg-5Gd screw degraded 12 weeks, there might be several parts of the degradation
layer, which might be easily encapsulated/attached from/to the residual screw via
the shrinkage or the growing operations of the screw. By encapsulatind or attach-
ing areas to or from the residual screw the calculated DR can be sctrongly effected.
However, although these values are not being mathematically considered in the in-
terpretation of the results, they should be kept in mind when making conclusions.

Additionally, differences in the analysis results were obtained depending on the
person segmenting the data. A difference of up to ~ 60% for the label degradation
layer in the coefficient of variation is found. This high difference can be expected
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since the grey values between the residual screw and the corrosion layer are some-
times very similar and very subjective for different people to distinguish with their
naked eye. The same reason might cause also the second high coefficient of variation
in the "residual screw" (= 40%). The effect is higher in the "degradation layer" since
it has in overall less area than the "residual screw".

Furthermore, it was observed, that some analysis parameters are more sensitive
towards the chosen image processing method. As the most sensitive parameter to-
wards image processing method was noticed the 3D-BIC. Interestingly, it was most
influenced by the processind method change for the PEEK screw and not for the
Mg-5Gd screw. This might be due to the fact, that PEEK implants had the lowest
BIC values in comparison to the other implants. However, they had BV/TV com-
parable to the other implants. Hence, by small changes in the processing method
(smoothing, growing or shrinking) the amount of contact between the bone and the
implant can be easily changed.

After evaluating the importance of a good image segmentation to the analysis
parameters a deep machine learning segmentation approach was found. Due to the
huge amount of the samples, this machine learning segmentation was applied to all
the Mg-Gd alloy datasets resulting in an enormous time saving and in an even more
precise results than with manual segmentation.

5.4 Push-Out Experiments

The evaluation of the forces between the bone and the Mg-xGd alloy implants was
performed via push-out experiments.

Already on the first push-out experiment on the influence of Mg?* ions on the
implant-bone interfacial shear strength was shown, that the intefacial shear strength
was significantly higher in magnesium ion beam-embedded hydroxyapatite coated
TiAlV rods than in ordinary hydroxyapatite controls 6 weeks after implantation in
rabbits [195]. Also in the next push-out experiment of Mg and Ti alloy rods the same
tendency was reported by Castellani et al. [196]. The latter research also indicated,
that the increase of the maximum push-out force, ultimate shear strenth and energy
absorption to failure was significant in Mg rods between 4 and 12 weeks, while BIC
and BV/T'V, which indicate the osseointegration, showed no significant changes.

The above observations of Castellani et al. [196] can not be confirmed by the pre-
liminary push-out results of the current study. The maximum force for the failure
of the Mg-5Gd implant after 12 weeks in vivo degradation was approx. 50% smaller
than the maximum force for the failure of the Ti implant after 12 weeks in vivo degra-
dation. On the other hand, BIC and BV/TV of Mg-5Gd and Ti alloy implants showed
no significant differences after 12 weeks in vivo degradation. However, the reason
for this disagreement can be the fact, that Castellani et al. [196] were investigating
rods, but in this study actual screws were used. Further analysis of the push-out
data is taking place and an extensive comparison of the results with the literature
will be performed.

In this experiments special attention was paid to the X-ray dose, which was used
for the explants tomography. Previously, Barth et al. [197, 198] showed, that at about
35 kGy irradiation dose the strength, ductility and fracture resistance of the human
bone start to degrade and at ca. 70 kGy the bone plasticity is strongly reduced. Since
a typical high quality tomogram acquired at synchrotron radiation facility easily
reaches 1 MGy of irradiation dose (pixel size ca. 1 um) the data acquisition had to
be optimized for the push-out experiments to reduce the dose.
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Chapter 6

Conclusions and Perspectives

In this study, two Mg-xGd alloys (Mg-5 wt.% Gd and Mg-10 wt.% Gd) were inves-
tigated in vitro and ex vivo in terms of their degradation rate and degradation ho-
mogeneity for short and long immersion times. We made use of a non-destructive
3D analysis using micro-computed tomography yielding not only the volume loss
measurements but also allowing to access further parameters describing the homo-
geneity of the degradation in a qualitative and quantitative way. The multitude of
the analyzed parameters allowed to investigate the degradation from various angles
of vision.

With respect to the evaluation of the degradation and osseointegration of im-
plants, SRuCT is advantageous over the standard technique of histology, as it allows
for a more comprehensive and non-destructive evaluation. In general, SRuCT allows
to assess parameters such as the degradation homogeneity or the pitting factor not
only on a few, possibly not-representative slices, but throughout the entire sample
qualitatively, quantitatively, and in 3D [194].

In particular the pitting factor calculations enable the quantitative analysis of the
degradation homogeneity and are advantageous over sole weight or volume loss
measurements. PEEK and Ti served as reference materials in the ex vivo experi-
ments, hence it was possible to underline the material-dependent differences in the
implants osseointegration, with parameters like bone to implant contact area and
bone volume fraction around the implants.

Acceptable degradation rate and degradation homogeneity of the investigated
Mg-xGd alloys was confirmed in the current study. Those Mg alloys reveal osseoin-
tegration similar to the golden standard Ti implants. On the other hand, the poor os-
seointegration of PEEK implants could also be confirmed. A clear assumption about
the advantages or disadvantages of any of investigated Mg-xGd implants could not
be made out of the results of this study. However, on balance, our study suggests
Mg-10Gd to be the alloy of choice, since it has an overall lower degradation rate,
more homogeneous microstructure and a weaker texture than Mg-5Gd.

Whether or not the high BICs and BV/TVs of the observed Mg-xGd alloys are
really indicators for more stable implants, is the topic of investigation as part of an
ongoing study. In the mentioned study on the same four explant types investigated
in current study are push-out experiments applied.

With resprect to the methods, the importance of the propriate image processing
was quantitatively highleted, the sensitive parameters were evaluated. Addition-
ally, the significance of the automatic segmentation was underlined, which lead to
successful development of machine learning approaches.
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Chapter 7

Publications, Their Content and
Own Contribution

1. Diana Kriiger, Berit Zeller-Plumhoff, Bjorn Wiese, Sangbong Yi, Marcus Zu-
ber, D C Florian Wieland, Julian Moosmann, and Regine Willumeit-Romer.
“Assessing the microstructure and in vitro degradation behavior of Mg-xGd
screw implants using nCT”. in: Journal of Magnesium and Alloys (2021)
Abstract: Biodegradable implants are taking an increasingly important role
in the area of orthopaedic implants with the aim to replace permanent im-
plants for temporary bone healing applications. During the implant prepara-
tion process the surface and microstructure of the material is being changed
by forces and stresses induced by the machining. Hence degradable metal im-
plants need to be fully characterized in terms of the influence of machining on
the resulting microstructure and corrosion performance. In this study, micro
computed tomography (puCT) is used for the quantification of the degrada-
tion rate of biodegradable implants. For the first time quantitative measures
are introduced to describe the degradation homogeneity in 3D. Two magne-
sium gadolinium alloys, Mg-5Gd and Mg-10Gd (in weight %), in the shape of
M2 headless screws have been investigated for their microstructure and their
degradation performance over a 1 - 56 day period. For microstructure inves-
tigations optical microscopy, electron backscatter diffraction (EBSD) and pCT
have been used. Particular attention was paid to the localized deformation of
the alloys, due to the machining process. In vitro immersion testing has been
performed to assess the degradation performance which was quantified by
subsequent weight loss and by volume loss (using nCT) measurements. Fur-
thermore, the influence of microstructure variation on localized degradation
in implant screws has been determined. This enables a prediction in terms of
implant stability during the degradation in the body. Due to its lower degra-
dation rates, its more homogeneous microstructure and degradation perfor-
mance, and because of its weaker texture, extruded Mg-10Gd emerges as a
more suitable as implant material than Mg-5Gd.

Own contribution: Data segmentation, Evaluation of analysis parameters,
Data analysis, Participation in the beamtimes, Participation in the conceptual
design of the experiments

2. Diana Kriiger, Silvia Galli, Berit Zeller-Plumhoff, D C Florian Wieland, Nic-
colo Peruzzi, Bjorn Wiese, Philipp Heuser, Julian Moosmann, Ann Wenner-
berg, and Regine Willumeit-Romer. “High-resolution ex vivo analysis of the

degradation and osseointegration of Mg-xGd implant screws in 3D”. in: Bioac-
tive Materials (2021)
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Abstract: Biodegradable materials are getting more attention in the or-
thopaedic surgeries. Hence, it is essential to investigate the used alloys in
terms of microstructure and corrosion performance both in vitro and in vivo due
to the implants” performance differences in these different environments. In
this regard, next to the degradation velocity, also the degradation homogene-
ity of the implants and their osseointegration into the host tissue are important
parameters. Two magnesium gadolinium alloys (Mg-5 weight% Gd and Mg-
10 weight% Gd) in the shape of M2 screws as implant materials and titanium
and PEEK implants as references, have been investigated towards their in vivo
degradation performance and bone to implant interaction via synchrotron ra-
diation micro computed tomography and histology. Additional comparisons
previously performed in vitro degradation investigations of the same implants
are performed. Our results show, that Mg-5Gd is degrading faster and more
inhomogeneously than Mg-10Gd. The implant to bone contact area of the Mg-
xGd implants are likewise to the one of the golden standard titanium implants.
In combination with the suggested implant stability over the time in the bone,
it is concluded that the 2 Mg-xGd alloys are suitable as implant materials in
bone. In contrast, the PEEK implants showed much lower bone to implant con-
tact for all investigated time points than Mg-xGd and/or titanium implants.
Own contribution: Data segmentation, Evaluation of analysis parameters,
Data analysis, Participation in the beamtimes, Participation in the conceptual
design of the experiments

. Julian Moosmann, D C Florian Wieland, Berit Zeller-Plumhoff, Silvia Galli, Di-

ana Kriiger, Alexey Ershov, Silke Lautner, Julian Sartori, Mason Dean, Sebas-
tian Kohring, Hilmar Burmester, Thomas Dose, Niccol6 Peruzzi, Ann Wenner-
berg, Regine Willumeit-Romer, Fabian Wilde, Philipp Heuser, Jorg U Hammel,
and Felix Beckmann. “A load frame for in situ tomography at PETRA III”. in:
vol. 11113. 2019, p. 1111318

Abstract: A load frame for in situ mechanical testing is developed for the mi-
crotomography end stations at the imaging beamline P05 and the high-energy
material science beamline P07 of PETRA III at DESY, both operated by the
Helmholtz-Center Hereon. The load frame is fully integrated into the beam-
line control system and can be controlled via a feedback loop. All relevant
parameters (load, displacement, temperature, etc.) are continuously logged.
It can be operated in compression or tensile mode applying forces of up to 1
kN and is compatible with all contrast modalities available at IBL and HEMS
i.e. conventional attenuation contrast, propagation based phase contrast and
differential phase contrast using a grating interferometer. The modularity and
flexibility of the load frame allows conducting a wide range of experiments.
E.g. compression tests to understand the failure mechanisms in biodegradable
implants in rat bone or to investigate the mechanics and kinematics of the tes-
sellated cartilage skeleton of sharks and rays, or tensile tests to illuminate the
structure-property relationship in poplar tension wood or to visualize the 3D
deformation of the tendonbone insertion. We present recent results from the
experiments described including machine-learning driven volume segmenta-
tion and digital volume correlation of load tomography sequences.

Own contribution: Preparation of the sample holders, Participation in the
beamtimes

4. Berit Zeller-Plumhoff, Carina Malich, Diana Kriiger, Graeme Campbell, Bjorn
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Wiese, Silvia Galli, Ann Wennerberg, Regine Willumeit-Rémer, and D C Flo-
rian Wieland. “Analysis of the bone ultrastructure around biodegradable Mg—
xGd implants using small angle X-ray scattering and X-ray diffraction”. In:
Acta biomaterialia 101 (2020), pp. 637-645

Abstract: Magnesium alloys are increasingly researched as temporary
biodegradable metal implants in bone applications due to their mechanical
properties which are more similar to bone than conventional implant metals
and the fact that Magnesium occurs naturally within the body. However, the
degradation processes in vivo and in particular the interaction of the bone with
the degrading material need to be further investigated. In this study we are
presenting the first quantitative comparison of the bone ultrastructure formed
at the interface of biodegradable Mg-5Gd and Mg-10Gd implants and tita-
nium and PEEK implants after 4, 8 and 12 weeks healing time using two-
dimensional small angle X-ray scattering and X-ray diffraction. Differences in
mineralization, orientation and thickness of the hydroxyapatite are assessed.
We find statistically significant (p < 0.05) differences for the lattice spacing of
the (310)-reflex of hydroxyapatite between titanium and Mg—xGd materials, as
well as for the (310) crystal size between titanium and Mg-5Gd, indicating a
possible deposition of Mg within the bone matrix. The (310) lattice spacing and
crystallite size further differ significantly between implant degradation layer
and surrounding bone (p < 0.001 for Mg-10Gd), suggesting apatite formation
with significant amounts of Gd and Mg within the degradation layer.

Own contribution: Participation in a beamtime

5. Niclas Bockelmann, Diana Kriiger, D C Wieland, Berit Zeller-Plumhoff, Nic-
col6 Peruzzi, Silvia Galli, Regine Willumeit-Romer, Fabian Wilde, Felix Beck-
mann, Jorg Hammel, Julian Moosmann, and Matthias P. Heinrich. “Sparse
annotations with random walks for u-net segmentation of biodegradable bone
implants in synchrotron microtomograms”. In: arXiv preprint arXiv:1908.04173
(2019)

Abstract: Currently, most bone implants used in orthopedics and traumatol-
ogy are non-degradable and may need to be surgically removed later on e.g.
in the case of children. This removal is associated with health risks which
could be minimized by using biodegradable implants. Therefore, research on
magnesium-based implants is ongoing, which can be objectively quantified
through synchrotron radiation microtomography and subsequent image anal-
ysis. In order to evaluate the suitability of these materials, e.g. their stabil-
ity over time, accurate pixelwise segmentations of these high-resolution scans
are necessary. The fully-convolutional U-Net architecture achieves a Dice co-
efficient of 0.750£0.102 when trained with a small dataset with dense expert
annotations. However, extending the learning to larger databases would re-
quire prohibitive annotation efforts. Hence, in this work we implemented and
compared new training methods that require only a small fraction of manually
annotated pixels. While directly training on these scribble annotation deteri-
orates the segmentation quality by 26.8 percentage points, our new random
walk-based semi-automatic target achieves the same Dice overlap as a dense
supervision, and thus offers a more promising approach for sparse annota-
tions.

Own contribution: Segmentation of the input data for machine learning ap-
proach

6. Eshwara Phani Shubhakar Nidadavolu, Diana Kriiger, Berit Zeller-Plumhoff,
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Domonkos Tolnai, Bjorn Wiese, Frank Feyerabend, Thomas Ebel, and Regine
Willumeit-Romer. “Pore characterization of PM Mg-0.6 Ca alloy and its degra-
dation behavior under physiological conditions”. In: Journal of Magnesium and
Alloys (2020)

Abstract: Several material parameters affect degradation characteristics of Mg
and its alloys under physiological conditions. Porous Mg materials are in-
teresting for their simultaneous degradation and drug delivery capabilities.
However, an increase in pore surface area is detrimental to both degradation
resistance and subsequent mechanical properties. The present work aims at
determining the threshold porosity value in Mg—0.6Ca specimens produced by
powder metallurgy (PM) below which low degradation rates persist with ac-
ceptable mechanical properties. Seven different porous Mg—0.6Ca specimens
containing both closed and open pore structures were fabricated with porosi-
ties ranging from 3% to 21%. Degradation profiles were obtained via a semi
static immersion test over 16 days under physiological conditions using Dul-
becco’s modified Eagle’s medium with Glutamax and 10% fetal bovine serum
as supplements. The results are related to morphological pore parameters like
pore size distribution, pore interconnectivity and pore curvatures that were
quantified using an ex situ pCT analysis. In general, with decreasing porosity
a decrease in pore interconnectivity is seen followed by rounding of the pores.
Low degradation rates (MDR < 0.3 mm/year) are observed in specimens until
10% porosity, however, the upper bound for reproducible degradation is ob-
served to be in specimens until 12% porosity. This porosity level also marks
the transition from closed to open pore nature with a simultaneous change
in pore interconnectivity from less than 10% to greater than 95%, below and
above this porosity level, respectively. The tensile strength and elongation to
failure recorded for specimens with 10% porosity were 70 MPa and 2%, re-
spectively displaying positive traits of both homogenous degradation and me-
chanical properties. The results suggest that high pore interconnectivity is the
dominant factor controlling degradation and mechanical properties in porous
Mg-0.6Ca specimens. The results also indicate a good sintering response of
Mg-0.6Ca specimens providing further material development towards bioma-
terial applications.

Own contribution: Aquisition of tomographic data, Support in the segmenta-
tion of tomographic data, Support in the analysis of tomographic data

. Mohammadreza Taale, Diana Krueger, Emmanuel Ossei-Wusu, Fabian

Schuett, Muhammad Atiq Ur Rehman, Yogendra Kumar Mishra, Janik Marx,
Norbert Stock, Bodo Fiedler, Aldo R Boccaccini, Regine Willumeit-Romer,
Rainer Adelung, and Christine Selhuber-Unkel. “Systematically Designed Pe-
riodic Electrophoretic Deposition for Decorating 3D Carbon-Based Scaffolds
with Bioactive Nanoparticles”. In: ACS Biomaterials Science and Engineering 5
(9 2019), pp. 4393-4404

Abstract: The coating of porous scaffolds with nanoparticles is crucial in many
applications, for example to generate scaffolds for catalysis or to make scaf-
folds bioactive. A standard and well-established method for coating surfaces
with charged nanoparticles is electrophoresis, but when used on porous scaf-
folds, this method often leads to a blockage of the pores so that only the out-
ermost layers of the scaffolds are coated. In this study, the electrophoretic
coating process is monitored in situ and the kinetics of nanoparticle depo-
sition are investigated. This concept can be extended to design a periodic
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electrophoretic deposition (PEPD) strategy, thus avoiding the typical block-
age of surface pores. In the present work we demonstrate successful and ho-
mogeneous electrophoretic deposition of hydroxyapatite nanoparticles (HAn,
diameter < 200 nm) on a fibrous graphitic 3D structure (ultralightweight aero-
graphite) using the PEPD strategy. The microfilaments of the resulting scaffold
are covered with HAn both internally and on the surface. Furthermore, protein
adsorption assays and cell proliferation assays were carried out and revealed
that the HAn-decorated aerographite scaffolds are biocompatible. The HAn
decoration of the scaffolds also significantly increases the alkaline phosphatase
activity of osteoblast cells, showing that the scaffolds are able to promote their
osteoblastic activity.

Own contribution: Aquisition of tomographic data, Segentation of tomo-
graphic data, Analysis tomographic data

8. Ivo M Baltruschat, Hanna Cwieka, Diana Kriiger, Berit Zeller-Plumhoff, Frank
Schliinzen, Regine Willumeit-Romer, Julian Moosmann, and Philipp Heuser.
“Scaling the U-net: segmentation of biodegradable bone implants in high-
resolution synchrotron radiation microtomograms”. In: Scientific reports 11 (1
2021), pp. 1-10
Abstract: Highly accurate segmentation of large 3D volumes is a demand-
ing task. Challenging applications like the segmentation of synchrotron ra-
diation microtomograms (SRuCT) at high-resolution, which suffer from low
contrast, high spatial variability and measurement artifacts, readily exceed
the capacities of conventional segmentation methods, including the manual
segmentation by human experts. The quantitative characterization of the os-
seointegration and spatio-temporal biodegradation process of bone implants
requires reliable, and very precise segmentation. We investigated the scaling of
2D U-net for high resolution grayscale volumes by three crucial model hyper-
parameters (i.e., the model width, depth, and input size). To leverage the 3D
information of high-resolution SRuCT, common three axes prediction fusing is
extended, investigating the effect of adding more than three axes prediction.
In a systematic evaluation we compare the performance of scaling the U-net
by intersection over union (IoU) and quantitative measurements of osseoin-
tegration and degradation parameters. Overall, we observe that a compound
scaling of the U-net and multi-axes prediction fusing with soft voting yields the
highest IoU for the class “degradation layer”. Finally, the quantitative analysis
showed that the parameters calculated with model segmentation deviated less
from the high quality results than those obtained by a semi-automatic segmen-
tation method.

Own contribution: Data segmentation, Development of the workflow, Partic-
ipation in the beamtimes
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Abstract

Biodegradable implants are taking an increasingly important role in the area of orthopedic implants with the aim to replace permanent
implants for temporary bone healing applications. During the implant preparation process, the material’s surface and microstructure are being
changed by stresses induced by machining. Hence degradable metal implants need to be fully characterized in terms of the influence of
machining on the resulting microstructure and corrosion performance.

In this study. micro-computed tomography (pCT) is used for the quantification of the degradation rate of biodegradable implants. To
our best knowledge, for the first time quantitative measures are introduced to describe the degradation homogeneity in 3D. This information
enables a prediction in terms of implant stability during the degradation in the body.

Two magnesium gadolinium alloys, Mg-5Gd and Mg-10Gd (all alloy compositions are given in weight% unless otherwise stated), in the
shape of M2 headless screws have been investigated for their microstructure and their degradation performance up to 56 days. During the
microstructure investigations particular attention was paid to the localized deformation of the alloys, due to the machining process. In vifro
immersion testing was performed to assess the degradation performance quantified by subsequent weight loss and volume loss (using pCT)
measurements.

Although differences were observed in the degree of screw’s near surface microstructure being influenced from machining, the degradation
rates of both materials appeared to be suitable for application in orthopedic implants. From the degradation homogeneity point of view no
obvious contrast was detected between both alloys. However, the higher degradation depth ratios between the crests and roots of Mg-5Gd
ratios may indicated a less homogeneous degradation of the screws of these alloys on contract to the ones made of Mg-10Gd alloys. Due to
its lower degradation rates, its more homogeneous microstructure, its weaker texture and better degradation performance extruded Mg-10Gd
emerged more suitable as implant material than Mg-5Gd.
© 2021 Chongqging University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.

This is an open access article under the CC BY-NC-ND license (http://creativecommans.org/licenses/by-nc-nd/4.0/)
Peer review under responsibility of Chongqing University

Keywords: Magnesium alloys: Biodegradable implant; Degradation rate; Degradation homogeneity: Micro-comptued tomography.

1. Introduction

Magnesium (Mg) and its alloys are already successfully in-

troduced into the clinics for example by the company “Syntel-

% Pomespanding st lix AG” [IJ as bliodegradable temporaFy orthopedic i.mplants
E-mail address: dianakrueger@hereon.de (D. Kriiger). due to their optimal strength and adjustable corrosion rate
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[2,3]. The biodegradation of such implants during the healing
period [4] would prevent a second, costly, and risky implant
removal surgery after the fracture has healed. The require-
ment of biodegradation is fulfilled both by biodegradable met-
als and biodegradable polymers. However. it has been proven
that the mechanical properties of biodegradable polymeric im-
plants significantly decrease in physiological environments.
thus limiting them as load bearing implants [2]. In addition
to available zinc or iron-based metallic degradable implants,
implants made of Mg alloys exhibit better implant stability.
Mg alloys possess an increased biocompatibility along with
the suppression of inflammatory cascades, tissue loss [5] and
stress shielding effects which reduces the bone growth stimu-
lation and bone remodeling [5]. Mg ions released in the body
do not cause cellular toxicity if they are below a critical con-
centration and are expelled along with urine [6]. In addition,
Mg is essential to human metabolism as a cofactor of many
enzymes and facilitates tissue-healing [7].

Since pure Mg alone does not provide sufficient strength
for load-bearing applications, alloying elements are added
such that the mechanical properties of the alloys are suitable
for implant applications. As a consequence of the alloying,
the implant’s density, elastic modulus, and yield strength can
be tailored close to those of human bone [7]. The addition of
rare earth elements (REE) to a high purity Mg matrix results
in promising biodegradable Mg alloys. Such alloys exhibit
sufficient strength and toughness, rendering them useable for
load-bearing applications [8,9]. Significant effects of solid so-
lution strengthening have been observed in Mg-gadolinium
(Gd) alloys in particular [10]. When alloying Gd to Mg for
application as implants, the toxicity of Gd and its possible
harm has to be taken into account, since it can accumulate
in animal organs [11.12]. However, it was previously shown
that the release of Gd from Mg-xGd alloys is below the crit-
ical toxicity level and these alloys are suitable candidate for
medical usage [13-16]. Additionally, Mg-10Gd alloys have
displayed good cytocompatibility and were shown to improve
the osteoblast-induced mineralization [17]. Previously it has
been shown that the addition of up to 10 wt% (wt.%) Gd
to the Mg-matrix decreased the degradation rate [I8]. The
degradation rate increased again when increasing the Gd con-
tent in the alloy. One of the important effects of REE on the
corrosion resistance of Mg is the so-called “scavenger effect”,
which means that the influence of impurities in the Mg ma-
trix, like iron (Fe), can be suppressed due to the formation
of the intermetallic phases between the REE and the impu-
rity [19,20]. Previously, gadolinium hydride (GdH;) particles
have been observed in Mg-Gd alloys [10]. They are being
formed in presence of a hydrogen containing medium and
after a sample deformation has taken place [21]. During the
alloy production, potential hydrogen sources are Mg with its
high hydrogen storage capacity [22]. and contaminations of
Mg or Gd with H-containing compounds. The agglomerations
of GdH, may serve as small galvanic cells in the alloy.

Recently, Mg has been investigated as an alloying element
in Fe-based implant material, where Mg played the role of the
degradation accelerator [23]. Although degradation rates suit-

able for bone implants were achieved for the Fe-20Gd solid
solution, prepared by mechanically driven supersaturation, it
is less conventional and more complicated, than the currently
presented casting of Mg-xGd alloys. Casting is the most com-
mon approach in Mg bone implants fabrication, since it en-
ables the easy control of the alloy composition, it is conve-
nient to operate and it is not expensive [24].

Depending on their mechanical properties and microstruc-
ture, the investigated implants reveal deformation zones and
twinning zones differing in thickness as a result of machining.
Previously, Gawlik [25] reported that during acidic etching of
Mg-xGd a tendency of increased material removal from the
surface with increasing Gd (2, 5 and 10 wt.% Gd content) is
observed. It was hypothesized that the alloys’ thicker twin-
ning zone with lower Gd content might have slowed down
the dissolution rate at early stages. Since the twinning zone
of Mg-10Gd was smaller, the un-twinned bulk material would
have been reached much faster.

Due to the influences of the alloy’s microstructure on the
implant’s degradation performance, we aim to link the mi-
crostructure of Mg-xGd (x = 5 or 10 wt.%) implants after
fabrication into a screw shape to their degradation velocity
over 1-56 days in cell culture media using the advantages of
non-destructive 3D imaging via pCT. The microstructure it-
self is investigated via electron backscatter diffraction (EBSD)
and optical microscopy (OM).

Commonly, the investigation of the biodegradation is per-
formed using weight loss experiments. Weight loss is one
of the most low-cost and simple experiments that provides
accurate and clearly defined data that is simple to set up, per-
form, and control [33]. However, this method’s disadvantages
are that it does not provide any information on the corro-
sion mechanism, the time-dependent corrosion behavior, and
multiple samples are needed to have a sufficiently low statis-
tical error. Liu [34] have already shown that degradation rates
of different materials measured via weight loss and volume
loss using WCT are similar. We are additionally exploring the
potential of pCT to determine degradation parameters such
as the pitting factor by using the full three-dimensional in-
formation, as previously demonstrated [35]. By calculating
parameters both in 2D and 3D, we are able to study the lo-
calized degradation of implant screws non-destructively. This
may allow a prediction in terms of implant stability during
the degradation in the body.

2. Materials and methods
2.1. Materials / samples

Two Mg alloys with 5 and 10 wt.% Gd (Mg-5Gd, Mg-
10Gd) were investigated in the current study. Melting and
casting were performed by permanent mold direct chill cast-
ing using Ar + 3 vol.% SFg as shielding gas in the induction
furnace (Typ K 10/S 1. Nabertherm, Lilienthal, Germany). 5
or 10 wt.% Gd was added to the Mg melt at 700 °C and
stirred for 20 min with a rotation speed of 150 min~!. The
molten materials were then poured into a permanent steel
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mold (diameter 110 mm, height 230 mm). which was pre-
heated up to 680 °C and kept for 15 min. Afterwards, the
ingots were cooled down by water quenching. They were so-
lution heat treated (T4) at 525 °C for 6 h and cooled down
again by water quenching. Indirect extrusion was performed
with an extrusion ratio of 84 to the final diameter of 12 mm.
A ram speed of 0.7 mm/s for Mg-5Gd and 0.52 mm/s for Mg-
10Gd and a temperature of 400 °C were used for extrusion.
Rods with a diameter of 3 mm were cut from the extruded
bars via wire electrical discharge cutting. Finally, headless
screws were machined by turning and by milling the slit. The
screws measured 4 mm in length, 2 mm in diameter, had an
M2 thread and a 0.5 x 0.5 mm slot.

2.2. Microstructural observations

Bulk material and screws were cold embedded in an epoxy
resin (Demotec 30®, Demotec Demel e.K, Nidderau. Ger-
many), manually grinded and polished for the microstructure
analysis. The grinding process was performed from 500 to
2500 grit SiC sandpapers. The polishing was performed in
two steps. First by using SiO, (OPS™, Cloeren Technol-
ogy GmbH, Wegberg. Germany) with water (H,O), H,O-
free lubricant (ethylene glycol to ethanol in parts of 10:7)
and sodium hydroxide (NaOH) for approximately 5 min.
Second by using H;O-free SiO, (OPS™  Cloeren Technol-
ogy GmbH, Wegberg, Germany), diamond particle suspension
with a 0.25 pm particle size with HO-free lubricant (ethy-
lene glycol to ethanol in parts of 10:7) for 15-20 min.

Following picric acid solution sample etching [36], obser-
vation of the microstructure was performed using an optical
microscope (DMIS000 M, Leica. Wetzlar, Germany). The cal-
culation of the grain sizes was performed on the bulk material,
in longitudinal (extraction direction) and transversal direction
of extrusion as well as on transversal sections of the screw
via the linear intercept method. As analysis software “analy-
SIS Pro” (version 5, Olympus Soft Imaging Solutions GmbH,
Miinster, Germany) was used.

For the calculation of the deformation layer thickness on
the optical micrographs three regions (root, flank, and crest)
were defined (see Fig. 3A). In these regions. the region near
the surface with no definable grains or twins was separated
from areas with visible grains or twins (see Fig. 3C and D).
The thickness measurement of the layer with no recognizable
grains was performed in Fiji (Imagel) [25].

Fig. 1 shows the areas chosen for the investiga-
tion of the microstructural differences between the bulk
(210 x 195 pm?) and surface near area of the screw, within
the crests (310 x 200 ;Lmz) and the roots (310 x 200 umz)
in particular. EBSD (SEM: Zeiss Crossbeam 550, EBSD de-
tector: Oxford Symmetry) measurements were performed on
one screw per material (1.5 pitches of the screws, whereby
a pitch is the distance from the crest of one thread to the
next crest). The EBSD image quality maps were used for
the quantification of three different twin types (tensile. com-
pression, and secondary twins). The twin type depends on its
angle to the crystal’s c-axis (tensile twins: &~ 86°, compres-

Fig. 1. Exemplary arcas of bulk, crests and roots on a Mg-5Gd screw for
the EBSD measurements.

sion twins: &~ 56°, secondary twin: ~ 38°) [37.38]. Also, the
pole figure of each scanned area was obtained. The deformed
microstructures’ features were studied by analyzing boundary
characteristics and misorientation among neighboring measur-
ing points (pixel size or “step size” = 0.4 pm). The kernel
average misorientation (KAM), which represents the average
misorientation between each pixel and its nearest neighbors,
was calculated to study the subgrain structures. These are in-
dicators of the strain locally accumulated at the corresponding
area.

2.3. Immersion tests

The degradation rate (DR) was determined over a (i) short
durations (1, 3, 6, 7 and 9 days) and over two longer du-
ration periods ((ii) 7, 14, 21, and 28 days and (iii) 28, 56
days) as a result of a semi-static immersion experiment. For
experiments (i) and (ii) degradation medium a-Minimum Es-
sential Medium (a-MEM: Thermo Fisher Scientific GmbH,
Darmstadt, Germany) + 10% Fetal Bovine Serum (FBS; PAA
Laboratories, Linz, Austria) + [% Penicillin/Streptomycin
(Thermo Fisher Scientific GmbH, Darmstadt, Germany) was
used. For experiment (iii) the a-MEM was replaced with
DMEM (Dulbecco’s Modified Eagle’s Medium) to verify the
small difference in the implant’s degradation behavior in these
two media.

The immersion test was performed under cell culture con-
ditions (37 °C, 5% COa,. 20% 0O;. 95% relative humidity). To
avoid saturation, the medium was changed every 2-4 days.
The number of samples used for the weight loss and volume
loss measurements per time point can be found in Table 6.

2.4. Micro-computed tomography (WCT)

Prior to immersion testing, the screws were imaged us-
ing a laboratory pCT (Phoenix Nanotom GE inspection and
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Table |
Scgmentation methods and used softwares.

Experiment Immersion time Tomography device / Denoising Denoising parameters Segmentation method /
pixel size [pm] software
1, 11, 111 0 time point Nanotom / 2.5 No filter — Threshold / Fiji (Imagel) [44]
1, il 1-9 days, 7-28 days DESY, IBL P05 / 2.6 Non-local means sigma=135, smoothing Watershed / Avizo version
KIT /24 [45.46] factor=1 9.4.2 (Thermo Fisher
Scientific, Waltham, MA)
il 28-56 days Nanotom / 2.5 Mean 3D [47] 3 x3x3 Threshold / Fiji (Imagel) [44]

sensing technologies, Wunstorf, Germany) at an operating
voltage of 100 kV at 70 pA current (binned pixel size: =
2.5 pm). Following the immersion tests and removal of the
degradation layer by chromic acid treatment, the degraded
screws from immersion test (ii) have been imaged either at the
imaging beamline (IBL) P05 [39], which is operated by the
Helmholtz-Zentrum Hereon, at the PETRA III storage ring at
the Deutsches Elektronen-Synchrotron (DESY) (energy: 25—
30 keV, binned pixel size: &~ 2.6 wm) or at the TOPO-TOMO
beamline of the KARA synchrotron facility at the Karlsruhe
Institute of Technology (KIT) (energy: filtered white beam -
max. intensity at 16 keV), binned pixel size: &~ 2.4 pm. The
degraded screws from test (iii) have been imaged using the
laboratory pCT after removing the degradation layer using
the same treatment as described above. Additional informa-
tion on the imaging parameters can be found in Table 9 in
the appendices. For tomographic reconstruction at IBL. fil-
tered backprojection (FBP) was used employing the ASTRA
toolbox for the backprojection [40]. Data pre-processing and
tomographic reconstruction was done using the tomographic
reconstruction pipeline at IBL [41.42].

2.5. Image processing

Depending on the image quality, the segmentation was ei-
ther performed on the original dataset or after the application
of a filter. The chosen image filters, filter parameters, segmen-
tation software, and method are presented in Table 1. Prior
to the analysis registration of the corroded and not corroded
implants on each other and an alignment to the z-axis of the
3D data parallel to the longitudinal axis of the screw were
necessary; for an example of a transverse view see Fig. 7.
The image registration procedure determines the parameter
values of a rigid body transformation to match an image to a
reference image [43]. The registered datasets are then resam-
pled onto a common coordinate system with a voxel size of
5 pm. Resampling is the next step to the registration, which
is the object’s actual transformation according to the deter-
mined parameters. All registration and resampling steps were
performed in Avizo.

The quantitative degradation parameters, as described in
Sections 2.6 and 2.7, have been investigated in 2D and 3D,
respectively. Degradation rate (DR) (described in Section 2.6)
and mean degradation depth (MDD) (described in Section 2.7)
were only calculated in 3D, volume loss only in 2D and pit-
ting factor (PF) in 3D and in 2D . The same formulae of the
3D calculations were used in 2D calculations on each slice,

resulting in statistical mean and standard deviation values for
one sample.

2.6. Degradation rate (DR)

The DR for each immersion period was calculated with
two methods: (1) weight loss and (2) volume loss measure-
ments. The weight loss was measured via weighing the screws
before immersion and after removal of the degradation layer
with chromic acid. The volume loss, following pCT imaging,
was determined via calculation of the screw volume before
immersion and after removal of the degradation layer. Based
on weight loss and volume loss measurements, the degrada-
tion rate was calculated as [48]:

DR ) Am AV |

[mm/“]_A-p-r_A-r (1)
where Am [g] denotes the sample weight loss, AV the sample
volume loss, A [cm?] the initial surface area, p the material
density (pare — 560 = 1.81 g/em?, PMg — 106a = 1.87 g/em?),
and f the immersion time. For the weight loss measurements,
a high precision balance (MYA 2.4Y Microbalance, Radwag
Balances and Scales, Radom. Poland) was used. The volume
from the pCT investigations was calculated with software Fiji
(ImageJ) [44] and Avizo version 9.4.2 (Thermo Fisher Scien-
tific, Waltham, MA). For the weight loss (WL) calculations,
the surface area of the screws was assumed to be the same
for all screws and was theoretically calculated based on con-
struction drawing (A = 0.4125 cm?). For the volume loss
(VL) measurements, the surface area of each screw was cal-
culated with Avizo from the measured data.

For comparison with the literature, under the assumption
of a uniform degradation, the mean degradation depth (MDD)
for each immersion time was calculated by [48]:

MDD [ppm] = DR -t (2)

It has been previously observed. that with increasing expo-
sure times within one experimental setup the DR was always
decreasing ([48.49.50]). Assuming a linear mean degradation
depth increase with increasing exposure time a straight regres-
sion line was fitted to the MDD values. The slope of the fitted
line is defined as the global degradation rate (GDR [mm/a]).
The coefficient of determination (R?), which is a measure of
the proportion of variance of a predicted outcome [51], was
determined for the fitted regression lines, i.e. GDRs. It reveals
how well a linear regression model fits the experimental re-
sults, where the value 1 would correspond to a pertect fit of
the data to the regression line.
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2.7. Degradation homogeneity analysis

Pitting factor (in 2D and 3D), volume loss in 2D and
crest/roots ratio were selected as analysis parameters describ-
ing the degradation homogeneity. These are described in more
detail in the following and were calculated for samples de-
graded between 7 and 56 days.

Pitting factor (PF) in 2D and 3D

The pitting factor PF; for a given slice 7 of a given volume
of interest (VOI) is defined by [52]:

DP,
MDD;

where DP; and MDD; are the deepest pit and the mean degra-
dation depth within slice i, respectively, see Fig. 7C. Note that
this calculation is only possible for the slices where the degra-
dation layer does not reach the center of the screw. The mean
and the standard deviation of the pitting factor in 2D is then
calculated as:

PFla.u.] = 3)

N
S 1
2D mean PF |au.] = PF = i ZPF; 4)

N
2D std PF = Z (PF — PF (5)
i=1

where N is the number of analyzed image slices. For the cal-
culation of the 3D-PF Eq. (5) is used with DP [pum] being
the deepest pit of the whole 3D implant and MDD that of the
whole 3D implant. Compared to the other parameters describ-
ing degradation homogeneity, the 3D PF parameter depends
only on the deepest pit along the whole screw. Thus, this
parameter has a sensitivity to the global non-homogeneous
degradation behavior among also the same alloys.

Volume loss

Volume loss defines the degraded volume per image slice
and is the difference between the not-corroded and the cor-
roded screw. It can differ from the “degradation layer™, i.e.
the layer of precipitates formed during the degradation pro-
cess, since the volume of precipitates must not coincide with
the degraded material, see Fig. 7. Volume loss is calculated
for each slice i/ along the longitudinal axis of the screw as:

i3
2D volume loss; = (#voxels,., — #voxels,y); - voxel size” (6)

where the subscripts nes and rs denote the not corroded screw
and the residual screw, respectively (Fig. 7).

Gd-rich particles

To segment the Gd-rich particles in the 3D tomograms,
automatic thresholding in Fiji (ImageJ) followed by removal
of single-pixel large particles in Avizo was performed. The
amount, size, and distribution of Gd-rich particles in both
alloys was calculated with different parameters in the cho-
sen volume-of-interest (VOI) measuring 480 x 480 x 960
um3: (1) the overall amount of detected Gd-rich particles; (2)
overall volume of the Gd-rich particles [vol.%]; (3) smallest

distance between two Gd-rich particles [wm]: (4) amount of

Aroal, Acrest,

Fig. 2. 2D image of Mg-5Gd screw imaged using pCT (A) before degrada-
tion (not corroded screw), (B) difference layer thickness as defined in Eq. (7),
after 56 days in vitro degradation; the color bar in the images shows the im-
age depth in voxel.

detected outlier Gd-rich particles; (5) mean and standard devi-
ation of the Gd-rich particles outliers from the 3D size distri-
bution [umB]. (6) median of the Gd-rich particles from the 3D
size distribution [u.m3]: (7) mean Feret diameter [pwm] and (8)
max Feret diameter of the Gd-rich particles from the 2D size
distribution. For the calculation of (3), a “Distance Transform
3D” was applied on the segmented 3D tomographic data in
Fiji (Imagel) [53]. As a result, each pixel of the image was
labeled with the distance to the nearest obstacle pixel. After
fitting a Poisson distribution to the histogram of the trans-
formed images in MATLAB R2019b (The MathWorks Inc.,
USA), the minimum distance between two Gd-rich particles
was determined. The outliers of the Gd-rich particles are de-
termined in order to gain information about the largest Gd-
rich particles. The calculation of the Feret diameter, which
is a measure of an object’s size along a specified direction
[54] was performed in Fiji (ImageJ) using the “Particle Anal-
yser” from Fiji (Imagel)-Plugin Bonel [55].

Crest/Root ratio

In order to analyze the difference in localized degradation
between crest and roots of the screw, the thickness variation of
the difference layer was mapped to a 2D height profile using
a customized Fiji script. Here, the difference layer thickness
in voxels was encoded as a gray value, whereas the positions
on the screw surface are given by x and y. For clarification,
Fig. 2 shows a 2D height profile of a non-corroded Mg-5Gd
screw (Fig. 2A) and difference layer (Fig. 2B) of the same
screw after 56 days in vifro degradation. As illustrated in
Fig. 2B, the ratio of difference layer thickness between crest
and root areas (Eq. 8) was calculated:

N
Crests  Gp, 2o GA e

= = 7
Root s G, Zflv G, )
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Fig. 3. Polarized optical micrographs of Mg-5Gd (A, C) and Mg-10Gd (D, B) screws, respectively. Markers in (A): orange - area of root, green - area of
flank, blue - area of crest. Yellow dots in (C, D) separate the deformed layer from not deformed one.

where Gy, and G4, represent the sum of the gray values in
one crest and root area, respectively (Fig. 2B). The determi-
nation of crests and roots was performed semi-automatically:
the first crest area was determined manually (dimensions of
Ara =43 pm, b = 365 pm. @ = 77°) and all following
crests and roots were defined automatically.

2.8. Statistical analysis

As a measure of the relative variation of the PF and the
volume loss over the whole sample along its longitudinal axis
the coefficient of variation (CV) of the PF for each sample
was calculated via the division of the 2D-sid PF (Eq. (4))
ba the 2D-mean PF (Eq. (3)) and 2D-std volume loss by the
2D-mean volume loss of each sample [56] in Fiji (Imagel).
A statistical significance 7-test was performed on the results
of Gd-rich particle’s analysis. The volumetric size distribu-
tion was calculated using software package R 4.0.2 [57]. The
calculations of the coefficient of determination (R?) as well
as all plots were also executed in MATLAB.

3. Results

3.1. Macro and microstructural analysis

The microstructure of Mg-5Gd and Mg-10Gd screws, ob-
tained from polarized optical micrographs, are shown in

Table 2
Deformation layers thicknesses [pum] of processed Mg-xGd alloys in different
areas of the screw.

Deformation layer thickness [pm]

Me-5Gd Mg-10Gd
Roots 10.7 + 3.1 92 £ 35
Crests 193 £ 6.6 78 £ 38
Flanks 12449 4942

Fig. 3. Mg-5Gd displays overall larger average grain size
of 51.78 & 1091 pm and less homogeneous grain size
distribution, whilst the average grain size of Mg-10Gd is
significantly smaller and has a much narrower distribution
(26.67 £+ 1.30 pm) .

The deformation layer is defined as the near-surface region
of the screw, where the machining process has influenced the
microstructure and where no clear grain boundaries can be
identified (Fig. 3C, D). Three threads (six flanks, three crests,
and three roots — exemplarily marked in Fig. 3A) of one
screw of each alloy were analyzed towards the deformation
layer thickness. No noticeable difference is observed between
the deformation layer thicknesses in the roots of both alloys,
see Table 2. By contrast, Mg-5Gd reveals a deformation layer
nearly 2.5 times as deep as Mg-10Gd on the crests and flanks
of the threads as well as a significantly increased number of
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MMg-5Gd
W Mg-10Gd

Fraction [%)]

secondary compression
twin twin

Fig. 4. EBSD IQ maps superimposed with the highlighted grain and twin
boundaries of a Mg-5Gd (A) and a Mg-10Gd (B) screw and corresponding
pole figures (D) and (E). respectively. The normal direction (ND) 1s perpen-
dicular to the transverse direction (TD) and the extrusion direction (ED) of
the sample. (C) Fraction of each type of boundary from the total detected
boundaries in the selected area.

twins in the near-surface region of the threads compared to
the Mg-10Gd screws.

Corresponding EBSD image quality (IQ) maps collected
on representative crest and root areas of Mg-5Gd and Mg-
10Gd screws are presented in Fig. 4. The EBSD IQ maps
show similar microstructural features to the optical micro-
graph, with grain and twin boundaries. Fig. 4 also shows the
quantification of these boundaries and the corresponding pole
figures. According to the twinning types, the twin boundaries
are marked with different colors corresponding to the misori-
entation relationships, e.g. tensile, compression and secondary
twins. The discrete pole figures depicted in Fig. 4D and E, in-
dicate that Mg-5Gd exhibit a stronger texture than Mg-10Gd,
with the basal poles perpendicular to the extrusion direction
(ED) and that Mg-10Gd shows a more homogenecous distri-
bution of the crystal orientations.

Tensile twins are identified as the dominant mode in both
alloys as the number of tensile twins is the greatest. The num-
ber of secondary twin boundaries is much smaller with 3.8%
and 5.9% for Mg-5Gd and Mg-10Gd, respectively. For both
alloys the smallest amount of boundaries are the compres-
sion twin boundaries, re. 1.5% for Mg-10Gd and 0.8% for
Mg-10Gd.

The kernel average misorientation (KAM) is analyzed in
three different areas, namely, bulk. crest and root as depicted
in Fig. 5. Mg-5Gd shows a higher misorientation angle than
Mg-10Gd, especially at the crest and root of the screw (see
Table 3). The dislocation slip and its accumulation result in a
relatively high misorientation in the deformed microstructure
due to the lattice distortion from the geometrically necessary
dislocations. In the present study, the area fraction of the de-
formed structure with a KAM of 4°~5° at the 4th neighbor-
ing points, ie. at a distance of 1.6 pm, is compared to both
alloys (Table 3). The higher area fractions of the deformed
structure are found in different areas in Mg-5Gd. The crest,
root, and bulk of Mg-5Gd exhibit about 50%, 38%, and 24%,
respectively, more deformed area than that of Mg-10Gd. The
difference in the fraction of the highly deformed area be-
tween the crest and the implants’ bulk is approximately 27%
for Mg-5Gd and 13% for Mg-10Gd.

SRpCT slices and 3D renderings after segmentation of
the Gd-rich particles in a volume-of-interest (VOI) of Mg-
5Gd (A, B) and Mg-10Gd (C, D) screws are depicted in
Fig. 6. The white dots in Fig. 6A and C are Gd-rich par-
ticles or agglomerations thereof, while the «-Mg matrix is
depicted in gray. More Gd-rich particles are visible in Mg-
10Gd than in Mg-5Gd, both in the slice and in the volume
images. Agglomerations of Gd-rich particles in the extrusion
direction are also visible in Fig. 6B and C.

The results of the quantitative analysis of agglomerations
of Gd-rich particles from the SRWCT images are summarized
in Table 4. A significant difference is found in the total vol-
ume of the agglomerations (p < 0.0005) between Mg-5Gd
and Mg-10Gd screws, where Mg-5Gd shows a volume of
agglomerations approximately half of that of Mg-10Gd. The
observed smallest distance between two particles reveals that
those agglomerations are less densely distributed in the ma-
trix of Mg-5Gd than in Mg-10Gd, by nearly 35%. It is visi-
ble from the volume distribution analysis that Mg-5Gd screws
show smaller agglomerations than Mg-10Gd (volume outlier’s
and median: p < 0.0005 and p < 0.05, respectively). The high
standard deviation of the Mg-5Gd agglomeration volume is
due to one very big agglomeration.

A table including the results of the chemical analysis from
EDS and pwXRF measurements can be found in Table 10.
For the EDS analysis used images are presented in Fig. 1.
The amount of Gd detected on the surface of the Mg-5Gd
screw is 2.86 wt.% (Fig. 11A). Insignificantly less Gd content
was detected inside the screw on a chosen area and a line
(Fig. 11B). Nearly 5 times more Gd was observed from EDS
measurement on a white spot, GdH; particle (Fig. 11B). The
amount of Gd on the surface area of the screw is 6.14 wt.%.
The EDS results of the screw surface analysis of a Mg-10Gd



2214

D. Kriiger, B. Zeller-Plumhoff, B. Wiese et al./Journal of Magnesium and Alloys 9 (2021) 2207-2222

Root

Mg-10Gd

Fig. 5. Kernel average misorientation maps from EBSD measurements of Mg-5Gd and Mg-10Gd screws crest, root and bulk at 4th neighbor (dis-

tance = 1.6 pm).
Table 3
Area fractions from Kernel misorientation maps of Mg-5Gd and Mg-10Gd at 4th neighbor (distance = 1.6 pm).
Angle of
misorientation Alloy Area fractions from Kernel misorientation maps at
Crest Root Bulk
4-5°¢ Mg-5Gd 0.123 0.063 0.033
Mg-10Gd 0.060 0.024 0.008

screw reveal Gd content of 6.14 wt.%, whereby the result of
the wXRF analysis with 9.06 wt.% is much higher.

3.2. Degradation behavior

Fig. 7A and B depict 3D volume renderings of Mg-5Gd
screw before and after 56 days of in vifro degradation in
DMEM+10%FBS medium, respectively. Fig. 7C illustrates
the deviation between the “difference layer” (layer between
green and red dashed lines including also some black image
background) and the “degradation layer” (layer between green
and red dashed lines without black image backgrounds).

The results of the DR calculations via weight loss (WL),
volume loss (VL) and for the different immersion solutions

of all three experiments are compared in Fig. 8, in order to
compare both measurement approaches (see also Table 7 in
the Appendices). Due to the low sample numbers and high
variability all measured data points are displayed instead of
mean and standard deviation. For both materials and methods,
a high spread of the DRs is observed; more for Mg-10Gd
than for Mg-5Gd. In comparison to Mg-5Gd, the DRy of
Mg-10Gd in the beginning of the immersion period shows
lower values than DRy; measurements. This trend is not
seen in VL measurements. For both materials, the degrada-
tion is faster at the beginning and decreases with immersion
time.

The DRy; values of Mg-5Gd degraded in the differ-
ent media for 28 days show little difference: «-MEM:
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Fig. 6. (A, C) 2D tomographic slices of Mg-5Gd (A) and Mg-10Gd (C) screws in the longitudinal direction of the screw (arrow: extrusion direction). (B, D)
Segmented Gd-rich particles (white dots) in a VOI (480 x 480 x 960 pum?) of Mg-5Gd (B) and Mg-10Gd (C), respectively; voxel size=2.4 pm.

Table 4

Quantitative analysis of the volume, distribution and size of Gd-rich particles in Mg-5Gd and Mg-10Gd screws (SRuCT n = 5) in a chosen volume-of-interest.
*Calculation performed after removal of the very high outlier volume 10257 [pm?].

Parameter Mg-5Gd Mg-10Gd Statistical
significance

1 Number of detected Gd-rich # particles 10038 = 1108 18293 £+ 2680 p < 0.005
particles

2 Total volume of the Gd-rich Total volume [9%]: mean+std 0.25 + 0.03 0.56 + 0.08 p < 0.0005
particles

3 Smallest distance between two Smallest distance between 17.15 + 0.88 111 £ 2.18 no sig. diff.
Gd-rich particles two particles [pem]
Number of detected outliers # outliers 590 + 369 986 = 92 no sig. diff.

5 Mean and std. size of the outlier Volume [pm?]: outlier’s 194.29 + 230.17 252.53 4+ 230.08 p < 0.0005
Gd-rich particles from the mean=std *(190.88 £ 136.42)
volume distribution

6 Median size of the Gd-rich Volume [pwm?®]: median 41.47 55.30 p < 0.05
particles from the volume
distribution

7 Mean diameter of Gd-rich Mean feret diameter [pum]: 5.84 + 0.19 6.25 £ 0.03 no sig. diff.
particles from the 2D slices meanzstd

8 Max diameter of Gd-rich Max feret diameter [pum]: 204.58 &+ 218.77 126.68 4+ 55.22 no sig. diff.
particles from the 2D slices mean=std

Table 5

Wt.% Gd calculated with EDS as a function of the whole area (surface of the screw and the bulk), a line measurement (yellow line), a point measurement

and pXRF-measurements. Reference Fig. 11.

Method EDS uXRF
Alloy Mg-5Gd (Fig. 11B) Mg-5Gd (Fig. 11A) Mg-10Gd Mg-10Gd
Analysis region Area in bulk Line in bulk Point in bulk Area on implant surface In bulk
Gd [Wt.%] 2.7 2.63 13.86 2.86 6.14 9.09+0.6

0.30 &£ 0.013 vs. DMEM: 0.33 £ 0.03. For Mg-10Gd
after 28 days in the same media the DRy, values vary more
than 50% («-MEM: 0.19 &+ 0.01 vs. DMEM: 0.34 £ 0.10).

The mean DRy, values of experiment (ii) and (iii) (7—
56 days immersion time) are plotted again in Fig. 9A, with
other computed parameters. Both materials start nearly with
the same DR, but Mg-10Gd shows a stronger reduction over

time. The corresponding MDD is presented in Fig. 9B. The
fitted slope indicates that Mg-5Gd has a higher GDR than
Mg-10Gd (Table 7), which agrees with the DR trend.

The CV of the volume loss, which is the ratio between
the 2D-mean volume loss and the 2D-std volume loss, is pre-
sented in Fig. 9C and Table 8. It shows that Mg-5Gd starts
with a smaller CV, hence a lower variation of the amount of
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Fig. 7. (A) SEM image of the surface of an Mg-5Gd screw: (B) BSEM image of Mg-5Gd screw in the bulk. White dots represent either Mg3Gd intermetallic

phases or GHj particles: Yellow line: Line crossing two grains.
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Fig. 8. Visualization of not corroded and corroded Mg screws. (A) 3D volume rendering after segmentation of a Mg-5Gd screw before immersion/degradation.
(B) 3D volume rendering after segmentation of a Mg-5Gd screw after 56 days in vitro degradation and subsequent removal of the degradation layer. (C)
A slice from the middle of the screw after degradation and before the removal of the degradation layer. The green line indicates the border between the
preimplantation screw and the background. The red line indicates the border between the degradation layer and the residual i.e. not degraded material. The
difference layer is given by the area between the green and the red line. The yellow line indicates the deepest pit (DP) within the depicted slice.

volume loss along the screw and a very small standard vari-
ation between the samples in the Ist, 2nd weeks compared
to Mg-10Gd. It increases for both materials with immersion
time, more for Mg-5Gd, which at the last time point is ap-
proximately 35, and 25% for Mg-10Gd.

The 3D-PF represents the degradation homogeneity of the
3D dataset. In contrast, the 2D-PF, being calculated slice-
wise, represents the degradation homogeneity of the same
dataset statistically. The 3D-PF values presented in Fig. 9D
and Table 8 are much higher than the 2D-mean PF values

(presented in Fig. 9E and Table 8). There are no recognizable
differences or tendencies in the 3D-PF between both alloys
and/or time points. With the exception of the 1st week, Mg-
10Gd shows a decreasing 2D-mean PF reaching its maximum
in the second week and a minimum in the 8th week. By con-
trast, Mg-5Gd does not show any tendency, but shows overall
smaller mean values than Mg-10Gd, except for the 8th week,
were they reach equity. The CV of the 2D-PF presented in
Fig. OF shows that there is a tendency of decreasing CV from
the Ist to the 8th week in case of Mg-10Gd and. Mg-5Gd
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Fig. 9. Degradation rates calculated via weight loss (DRwy) and volume loss (DRyy ), respectively.

Table 6
Comparison of analyzed parameters for Mg-5Gd and Mg-10Gd screws.
Mg-5Gd ...
Parameter Mg-10Gd
Microstructure Grain size >
Deformation degree >
Gd-rich particles Volume <
Degradation DR >
velocity MDD >
Degradation CV volume loss >
homogeneity 2D mean PF <
CV 2D PF <
Crests/Roots >

shows values like Mg-10Gd in the Ist and the 8th week and
up to 10% lower CVs (meaning more homogeneous) values
for 2nd. 3rd, and 4th weeks.

Fig. 9G presents the ratio of the degradation between the
crests and roots of the threads.

Both materials show crest-to-root ratios higher than 1, in-
dicating faster degradation in crests compared to roots. It is
visible that there is a tendency of increasing crest-to-root ra-
tio of the degradation layer for Mg-10Gd from the Ist week
to 8th week. Generally, Mg-5Gd shows higher values than
Mg-10Gd. Until week 4, Mg-5Gd screws degrade up to 50%
stronger at the crests than Mg-10Gd.

Although the overall standard deviations are large, in par-
ticular for the degradation parameters, the observed differ-
ences between both materials are summarized in Table 5.

4. Discussion

In the following, we will discuss the effect of the mi-
crostructure on the different degradation behaviors to high-
light the advantages and disadvantages of the alloys for the
use as an implant material (assuming a similar behavior to be
observed in vivo).

This study supports the tendency of higher extrusion
speeds to result in bigger grain sizes as observed in [10];
Mg-5Gd with higher extrusion velocity revealed bigger grain
sizes in comparison to Mg-10Gd. Additionally, a more homo-
geneous microstructure of Mg-10Gd samples in comparison
to Mg-5Gd was observed.

The investigation of the influence of the machining on
the near-surface microstructure of the screws revealed higher
and regionally deeper microstructural deformations in coarse
grained Mg-5Gd than Mg-10Gd. The latter is in agreement
with previous findings of Gawlik [25].

The Mg-5Gd matrix with a coarse grain structure revealed
more tensile twins and tensile twin boundaries than the fine-
grained Mg-10Gd alloys. This result is in agreement with the
fact that the growth of the twins is limited by the grain size,
hence bigger grains produce bigger twins and consequently,
more twin boundaries [58].

Fig. 10, Table 10.

Furthermore, Mg-5Gd reveals higher kernel average mis-
orientation values than Mg-10Gd, and hence has overall more
deformed structures. Recently, intrinsic and extrinsic influ-
ences of the alloying elements on the microstructure and the
degradation behavior of biodegradable implants has been re-
viewed by Bahmani et al. [59]. There, it has been concluded
that in the case of single grains like single crystals or bi-
crystals, the corrosion rate increases with increasing grain
size, while in very fine grains (< 50 pm), the corrosion rate
decreases by decreasing the grain size. It was previously dis-
cussed that the chemical activity at grain boundary regions
increases the dissolution rate of fine grained alloys [60.61,62]
and that more unstable microstructural features have higher
energies, which could accelerate the degradation process. We
hypothesize that this process is responsible for the faster
degradation speeds observed for Mg-5Gd. This is in contrast
to the hypothesis of Gawlik [25] that thicker twinning zones
slow down the dissolution rate of the alloy by acting as bor-
ders between the grains.
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Fig. 10. Results of semi static in vitro investigation of Mg-5Gd and Mg-10Gd screw implants over 7-56 days period (experiment (ii) + (iii)) from tomography
images. (A) Degradation rate, (B) Mean degradation depth with linear regression fits (GDR: Mg-5Gd = 0.2]1 mm/a;: Mg-10Gd= 0.11 mm/a), (C) Coefficient of
variation of the volume loss over the transversal slices of the 3D implant, (D) 2D mean pitting factor, calculated for each slice with its MDD, (E) Coefficient
of variation from (D), (F) Ratio of the degradation layers at the crests and at the roots of the samples.

Apart from having an influence on the degradation rate,
the deformation has also impacted the mechanical properties
of the material. Extension twinning occurs under tensile stress
along the crystallographic c-axis, which results in a sudden
re-orientation of parent grains by approximately 86.3° [63,64].
When the tension twinning dominated deformation exhausts,

a fast strain hardening is happening, which later leads to an
early fracture [65]. From this, we conclude that the weaker
texture of Mg-10Gd could be more beneficial for the defor-
mation accommodation by the dislocation slip and more ho-
mogeneous deformation, thus lower risk for an early fracture
can be expected for the Mg-10Gd alloys.
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Fig. 11. 2D degradation layers of the investigated Mg-5Gd and Mg-10Gd
from 7 to 56 days corroded screws. S1/S2 indicating Samplel/Sample2:
Scale bar same for all images=| mm; grey levels: brighter=more cor-
roded. darker=less corroded. Mg-10Gd, 8 weeks, S2 (right bottom): yellow
area=Agrest, green area=Apor.

In addition to the deformations, the presence of metallic
particles in the alloys may have an influence on the degrada-
tion behavior. The bright particles observed in the 3D volume
are assumed to be agglomerations of GdH, particles, which
is in agreement with the literature [10,66]. Under the assump-
tion that these particles act as sites for galvanic corrosion, the
smaller the particles and the more homogeneously distributed,
the more homogeneous the degradation mechanism should be.

Table 7
Number of samples used for in vitro Investigation per measurement time
point.

Exp. Immersion days Weight loss Volume loss
i 1-9 1 1
il 7-28 1 2
il 28-56 2 2

Additionally. the more particles present in the alloy the faster
the degradation rate should be. Based on the observed degra-
dation behavior it appears that the presence of these particles
is negligible.

Based on the computed parameters, no clear conclusion
can be drawn in terms of the homogeneity of both materials’
degradation. It can speculate on three different observed ways
driving the implant’s non-uniform degradation:

1. Localized non-uniform degradation in terms of the degra-
dation depth differences on the screw’s crest and root areas.
This observation is made for both alloys, although in the
first four weeks the effect is more visible in Mg-5Gd than
in Mg-10Gd.

. Localized non-unitorm degradation in terms of the pitting
corrosion described with the 3D and 2D mean PF values.
Similar to [67], the higher values of 2D mean pitting factor
in the Mg-10Gd samples are caused by a lower average
degradation depth and rather high pits. This effect is even
more visible in the parameter 3D PE. Instead of averaging
the deepest pits along the screw’s cross sectional slices
only the deepest pit is considered in the calculation. The
high variation of the 3D PF among all investigated samples
indicates the sensitivity of this parameter. It also suggests
the non-homogeneous degradation behavior of the samples
among same alloy and/or probably the less significance of
the 3D PF parameter. The deepest pits are approximately
632.5 pm in Mg-5Gd and 379.5 pm in Mg-10Gd and
can be more than twice as deep as the screw thread. In
general, the decrease of the pitting factor values during
longer degradation periods can be due to several reasons:
(i) several small pits could merge; (ii) inhomogeneities,
like GdH; particles, could fall out of the pits: (iii) small pH
differences between the surface and the deep pits, leading
to slower degradation rates at the deeper pits than at the
surface; (iv) larger screw surface area at the top of the pit
than at the bottom of the pit, hence less surface energy
and slower degradation rates at the depths of the pits than
at the tops.

3. Non-localized non-uniform degradation increasing during
the degradation time period. The latter two points of the
localized non-uniform degradation (iii and iv) could also
be a reason for the degradation rate differences at the roots
and the crests of the screws.

e

In this study, a greater decrease of degradation rate with
the immersion duration of Mg-10Gd screws in comparison
to Mg-5Gd could be detected. Kubasek and Vojtéch [9] dis-
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Table 8
Degradation rates (DR) [mm/a], «-MEM or DMEM +10%FBS+1% pen/strep, weight loss (WL), volume loss (VL).
Exp. Immersion days Mg-5Gd Mg-10Gd Solution Samples
DRw [mm/a] DRyy [mm/a] DRwi/DRvyL DRwr [mm/a] DRy [mm/a] DRwi/DRyr.
i 1 045 0.42 1.07 044 0.47 0.94 a-MEM different
3 0.50 0.58 0.86 0.32 0.51 0.63 a-MEM different
6 0.57 0.35 1.63 0.24 0.46 0.52 a-MEM different
7 0.48 0.49 0.98 0.40 0.26 1.54 a-MEM different
9 0.35 0.31 1.13 0.29 0.24 1.21 a-MEM different
il 7 0.36 0.39 + 0.03 0.92 0.07 0.42 + 0.05 0.17 «-MEM different
14 0.18 042 £ 0.05 043 0.10 0.30 £ 0.01 0.33 «-MEM different
21 0.31 0.28 £ 0.05 1.11 0.18 0.24 £+ 0.02 0.75 a-MEM different
28 0.20 0.31 + 0.02 0.65 0.17 0.22 + 0.04 0.77 a-MEM different
il 28 0.25 + 0.02 0.32 £ 0.03 0.59 £+ 0.11 0.25 £+ 0.06 0.34 £+ 0.10 0.73 £ 0.04 DMEM identical
56 0.16 + 0.01 0.24 + 0.01 0.66 + 0.01 0.12 £ 0.02 0.15 + 0.03 0.84 + 0.25 DMEM identical
Table 9
All data to graphs.
1 weeks 2 weeks 3 weceks 4 weceks 8 wecks
Mg-5Gd Mg-10Gd  Mg-5Gd Mg-10Gd  Mg-5Gd Mg-10Gd ~ Mg-5Gd Mg-10Gd  Mg-5Gd Mg-10Gd
DR [mm/year] 0.39 + 0.03 0.42 4+ 0.05 0.42 4+ 0.05 0.30 & 0.01 0.28 & 0.05 0.24 + 0.02 0.31 + 0.02 0.22 + 0.04 0.24 £+ 0.01 0.15 £ 0.03
MDD [pm] 75+£05 81 +1 16 + 1.5 11+ 02 16 + 3.1 14+ 1.3 24+ 1.6 17 + 3.1 37+ 1 23+ 4
3D-PF 214 £ 66 315+ 168 134 +56 350+91 274 4+239 162 +38 158 £ 11.8 23.8 =154 251 £ 1.2 209 + 13.3
2D-mean PF 4002 46x£01 34x£04 5.1 43+ 14 46+£02 31+£02 39+£04 33+£00 33103
CV 2D PF [%] 31599 340+£00 195+£39 296+37 200£56 282 +08 202 31 26747 26709 287 56
CV dif. layer [%] 4402 76x28 1054+01 86x14 117421 89X15 202x31 267x47 35315 21660
Amount of slices, 0.5 £ 0.1 L1 +1.1 07401 32410 0704 15+£15 1.8+05 1le6e+02 4040 1.8 13
where it is not
possible to calculate
PF [%]
Crests/roots dif. 1.5+02 1.1x£02 18+£02 14x£02 17£02 15£02 21+£05 14£03 1.6=X0.1 1.7 £ 0.1
Layer
Table 10

RCT parameters.

SRuCT: IBL P05, DESY TOPO-TOMO beamline, KARA

Parameter Laboratory pCT: Nanotom
Amount of Projections 2700

Exposure time 1000 ms

Energy -

Current 70 pA

Voltage 100 kV

Voxel size 2.5 pm

1201 3000

300 ms 14.3 ms

25-30 keV white beam- peak at 16 keV
2.6 pm 24 um

cussed that the Gd** cations substitute Mg?* cations in the
degradation layer, hence slowing down the degradation pro-
cess. One of the reasons that Mg-5Gd screws degraded faster
than Mg-10Gd could be the amount of Gd dissolved in the
Mg-matrix. This difference becomes stronger for longer im-
mersion times, consistent with Harmuth et al. [10] who did
not find any significant correlation between the degradation
rate and the alloy composition in a short time of 7 days corro-
sion tests of Mg-Gd alloys with 2, 5 and 10 wt.% Gd content.

The known fast degradation rate of Mg bone implants
has also recently been mentioned by Yang et al. [24]. Mg-
10Gd has been tested in vive and in vifro by Marco et al.
[68] over a short time period of up to 7 days. Myrissa et al.
[66] and Galli et al. [69] tested Mg-10Gd in vive over a
time period of 12 weeks in a transcortical and monocorti-
cal rat femur model, respectively. Myrissa et al. [66] reported

an initial low degradation rate without gas bubbles, but af-
terwards a very fast degradation rate with a high amount of
gas bubbles visible. After 12 weeks of implantation nearly
a complete dissolution of the implant in the bone was ob-
served. This would not be acceptable for a fracture fixing im-
plant, since it should provide structural stability at least for
12 weeks [66,70]. On the other hand Galli [69] concluded
that Mg-10Gd showed a degradation behavior appropriate for
bone formation and stable degradation layer. The different
outcomes of experiments may be arising from different mi-
crostructures, differences in the production and manufacturing
of the implant. place of implantation and different imaging
modalities [69].With respect to the degradation velocity, both
investigated materials reveal a degradation rate appropriate
for orthopedic implants [3]. Tt was shown that degradation
rates lower 0.5 and higher than 0.2 mm/a would match the
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bone healing rates [71]. According to Rahim et al. [3] the
bone healing time can range from a month to six months
in humans. By considering the calculated global degrada-
tion rateyoume loss of 0.25 mm/a for Mg-5Gd after 56 days
of degradation, the mean degradation depth of Mg-5Gd after
6 months is 115 pm. Performing the same mean degrada-
tion rate calculation for 6 months for Mg-10Gd one obtains
a mean degradation rate of 69 pm (with global degradation
rateyoume loss= 0.15 mm/a). Therefore, for the given implant
geometry, Mg-5Gd would remain in the body for 4.3 years
and Mg-10Gd for 8.1 years, before dissolving completely (as-
suming mean degradation rate=radius;yplan=0.9 mm). How-
ever, as we have shown that both materials degrade inhomoge-
neously, and given the sizes of the deepest pits, it is possible
that the dissolution will occur faster in vivo. Based on this
inhomogeneity, future tests must also consider the change in
mechanical stabilities of the implants over time.

Overall, in contrast to weight loss measurements, SRuCT
measurements allow to assess the volume loss and enable a
description of the degradation homogeneity qualitatively and
quantitatively. Depending on the degradation period and im-
age resolution volume loss measurements can give more pre-
cise results than the weight loss measurements of the degra-
dation rate.

5. Conclusions

In this study two Mg-xGd alloys (Mg-5 wt.% Gd and Mg-
10 wt.% Gd) were investigated non-destructively in 3D in
terms of their in vitro degradation velocity and homogene-
ity for short and long immersion times. Digital 3D analysis
yields the volume loss measurements and allows to access fur-
ther parameters describing the homogeneity of the degradation
qualitatively and quantitatively. In particular, the pitting factor
calculations, enable the quantitative analysis of the degrada-
tion homogeneity and are thus preferred over sole weight loss
measurements.

Our analysis suggests that Mg-10Gd has an overall lower
degradation rate, more homogeneous microstructure and a
weaker texture than Mg-5Gd. Future in vivo tests need to
be carried out to verify the degradation behavior in vivo and
extrapolate the materials’ suitability for implant materials.
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Appendix

In order to reveal best image quality some of scan param-
eters were varied (Table 9).
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ABSTRACT

Biodegradable magnesium (Mg) alloys can revolutionize osteosynthesis, because they have mechanical proper-
ties similar to those of the bone, and degrade over time, avoiding the need of removal surgery. However, they are
not yet routinely applied because their degradation behavior is not fully understood.

In this study we have investigated and quantified the degradation and osseointegration behavior of two
biodegradable Mg alloys based on gadolinium (Gd) at high resolution.

Mg-5Gd and Mg-10Gd screws were inserted in rat tibia for 4, 8 and 12 weeks. Afterward, the degradation rate
and degradation homogeneity, as well as bone-to-implant interface, were studied with synchrotron radiation
micro computed tomography and histology. Titanium (Ti) and polyether ether ketone (PEEK) were used as
controls material to evaluate osseointegration.

Our results showed that Mg-5Gd degraded faster and less homogeneously than Mg-10Gd. Both alloys gradually
form a stable degradation layer at the interface and were suitounded by new bone tissue. The results were
correlated to in vitro data obtained from the same material and shape. The average bone-to-implant contact of the
Mg-xGd implants was comparable to that of Ti and higher than for PEEK. The results suggest that both Mg-xGd
alloys are suitable as materials for bone implants.

1. Introduction

periods can lead to complications, especially for children, whose growth
might be disturbed [1]. Additionally, the modulus of elasticity of con-

Biodegradable implants emerged as a viable alternative to perma-
nent orthopaedic implants as they eliminate the need for a second sur-
gery to remove the implant, consequently reducing the chance of
patients” harm as well as the financial burden. In comparison to per-
manent implants, e.g. joint implants, which substitute a missing function
and are supposed to stay in the patient for decades, implants meant for
osteosynthesis, such as screws, plates or nails, serve for bone support
only temporarily [1]. Keeping these implants in the body for longer
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ventional permanent implant materials, made of e.g. stainless steel,
chrome-cobalt alloys and titanium, is much higher than that of cortical
bone. This difference in the elasticity modulus leads to the implant
carrying a greater portion of the load and can cause stress shielding
effect [2].

Providing an elasticity modulus near to the one of cortical bone [2],
being biodegradable and a natural part of the human body, magnesium
(Mg) and its alloys are of particular interest as alternative materials for
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temporary bone implants. The degradation of Mg leads to the formation
of harmless corrosion products, which are removed through urine [2,3].
The major limitation of pure Mg is its low corrosion resistance, which
can cause a reduction in the mechanical integrity of the implant before
the bone or tissue is sufficiently healed. Additionally, a degradation
occurring too fast results in the rapid production of hydrogen gas, which
then leads to the formation of gas bubbles around the implant. The latter
can cause separation of tissue layers from the implant and delays the
healing of the tissue (necrosis of surrounding tissue might be the result)
[3]. In the worst case, the evolution of gas bubbles may block the blood
stream [4]. Another undesirable effect of a rapid degradation is the in-
crease of the pH value in localized areas next to the implant, which can
be harmful for the cells [1]. Thus, the degradation rate of the Mg implant
must be such that the bone remodeling process occurs before the
structural integrity of the implant is compromised.

One way to modulate the corrosion resistance and mechanical
properties of Mg is alloying it with other elements. One candidate to
improve the corrosion resistance of Mg is gadolinium (Gd), for example
added as 5-10 wt percentage (wt. %) to Mg to form alloys [5]. Gd is a
rare earth metal (RE), which is already used in medicine as contrast
agent. The toxicity of Gd might be a concern, as it can accumulate in
animal organs [6]. However, a systematic study on the toxicity and
long-term effects of RE elements which are released as ions in the tissue
is still missing. For the materials used in this study the release of Gd from
Mg-xGd alloys has been shown to be below the toxicity level in cell
culture [7-9]. In addition, Mg-10Gd showed in cell culture even an
improved osteoblast-induced mineralization [10]. The cells grown on
the Mg-10Gd alloy developed healthy cellular structures that allowed
them to have good adhesion to the surface [11]. Thus, providing the
essential requirements, such as initial mechanical stability, a suitable
corrosion rate, and ensuring biocompatibility, Mg-Gd alloys are a
possible choice as temporary implant material [12].

In addition to the general biodegradability of the material and its
degradation velocity, the degradation homogeneity plays an important
role for the performance as an implant material. Mg-based materials
undergo galvanic, intergranular, pitting, or crevice corrosion, which all
can occur in physiological environments [13,14]. Irregular, localized
pitting corrosion may undermine the stability of the implant before the
surrounding bone is sufficiently healed [15,16]. Hence, Mg alloys for
orthopaedic use should not be subjected to pitting corrosion. To the best
of our knowledge, up to now, the pitting behavior of Mg alloys is re-
ported only in in vitro studies (e.g. Refs. [17,18]), and often it is only
reported for bulk materials, instead that for the final implant design (e.g.
Ref. [19]). The description and quantification of the degradation ho-
mogeneity of final osteofixation devices, such as pins or screws, is often
missing in ex vivo or in vivo studies.

The in vitro degradation behavior of Mg-5Gd and Mg-10Gd screw
implants has previously been presented [18]. In that study, Mg-10Gd
revealed lower degradation rates, a more homogeneous microstructure
degradation performance, and a weaker texture (i.e. orientation of the
crystallographic poles in grains in a more random manner, which con-
fers favorable mechanical properties), than Mg-5Gd and could therefore
be more suitable as an alloy for load bearing implants. In addition,
Harmuth et al. showed that it is possible to adjust the mechanical profile
of Mg-Gd alloys to the medical requirements by tuning the extrusion
process and the Gd content, without influencing the degradation rate
[20].

However, the degradation performance of Mg-xGd alloys in bone
requires further investigations. A recent publication showed the bone
ultrastructure Mg-xGd implants, in comparison with that of more known
materials as Ti and PEEK [21]. The bone at the interface with Mg-xGd
screws differed significantly from that at the interface with Ti in terms
of crystal lattice spacing, suggesting the Mg is potentially incorporated
into the bone crystallites during implant degradation and bone healing.
However, the crystal lattice spacing between the degradation layer and
bone differed, which indicates that Gd potentially remains in the
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degradation layers and is not incorporated into the bone [21].

In the current work, we aimed to investigate the performance of the
aforementioned Mg-xGd alloys with 5 and 10 wt% Gd in bone at high-
resolution and over time. To this end, we have employed synchrotron-
radiation micro computed tomography (SRpCT). SRuCT is a non-
destructive 3D imaging technique with resolutions down to less than
1 pm. The technique enables the simultaneous assessment of the bone,
the degraded implant and the degradation layer formed on the surface
[22]. Due to the high resolution bone channels are visible, as well as
larger secondary phases in the alloy. As the quantitative evaluation of
SRuCT is time-consuming and greyscale differences between the
degradation layer and bone are low, deep learning techniques can be
used to speed up the segmentation process [23,24].

Using SRUCT followed by a segmentation via a U-Net convolutional
neural network (CNN), we have assessed the bone microstructure and
the in vivo degradation performance of Mg-xGd alloys. To this end, we
implanted Mg-5Gd and Mg-10Gd screws and let them heal for 4, 8 and
12 weeks. After explantation, we studied the degradation rate (DR),
mean degradation depth (MDD), pitting factor (PF), bone-to-implant
contact (BIC) and bone volume fraction (BV/TV) and histomorpho-
metrical parameters. Thus, we collected substantial information on the
degradation behavior of the chosen materials. Screws of Ti and poly-
ether ether ketone (PEEK) have been implanted as controls. In addition,
we compared and correlated the current ex vivo results with data on the
degradation of the same Mg-xGd alloys obtained previously in vitro over
4 and 8 weeks, to understand the prediction capability of in vitro testing
of the in vivo behavior.

2. Materials and methods

The production procedure is described in detail in previous publi-
cations [18,23]. In brief, permanent mould direct chill casting was used
for the melting and casting. The molten materials were then poured into
a permanent steel mould. They were solution heat treated (T4) and in-
direct extrusion was performed with an extrusion ratio of 84 to the final
diameter of 12 mm. Rods with a diameter of 3 mm were cut around the
center (half radius) of the extruded rods by using wire erosion. The final
screw shape was machined by turning and a slit head was formed by
milling (4 mm length, 2 mm in diameter, thread M2 and a 0.5 x 0.5 mm
slotted screw head). PEEK and Ti screws, purchased from Promimic AB
(Mdlndal, Sweden), were used as reference materials.

To check the alloys’ homogeneity, the machining quality of the
screws before implantation, and for a later comparison with the ex vivo
results, all Mg-Gd screws were imaged by pCT using a Phoenix Nanotom
benchtop pCT (GE inspection and sensing technologies, Wunstorf, Ger-
many) at an operating voltage of 100 kV and a current of 70 pA (binned
pixel size: ~2.5 pm). Screws with large Gd agglomerations or machining
defects on the screw surface were discarded.

The Mg screws were cleaned in an ethanol bath, dried, and then
packed in individual tubes and thereafter they were gamma-sterilized
via gamma-irradiation sterilization at a minimum dosage of 27 kGy
[25]. The Ti and PEEK screws were cleaned in ethanol bath, dried, then
placed in glass vials and autoclaved.

2.1. Animal experiments

The animal experiments were conducted after ethical approval by
the ethical committee at the Malmo/Lund regional board for animal
research, Swedish Board of Agriculture, with the approval number DNR
M 188-15. Sixty Sprague Dawley male adult rats with an average weight
of 350 g were selected for the study. The rats were housed in cages of 2
or 3 animals each for at least 2 weeks before the beginning of the
experiment. The implantation protocol was described in Ref. [21]. In
brief, general anesthesia was administered to the rat before starting the
surgical procedure and consisted in an intraperitoneal dose of Fentanyl
300 pg/kg + Dexmedetomidin 150 pg/kg. After shaving and disinfection
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of the rats’ legs (chlorhexidine ethanol solution 0.5 mg/ml, Klorhex-
idinsprit; Fresenius Kabi, Uppsala Sweden), local anesthetic was injected
in the tibial area (1 ml xylocain, Aspen Nordic, Ballerup, Denmark) and a
full thickness flap was created. The tibia metaphysis was exposed, and
an osteotomy was drilled with a 1.4 mm round bur and then enlarged
with a cylindrical bur of 1.6 mm diameter, under constant irrigation
with sterile saline. After tapping, the screws were inserted with a manual
screwdriver, one in each leg, leaving approximately 2-3 threads of the
screw sticking out of the tibial plate, to avoid penetrating the lower
cortical bone (monocortical implantation). Each rat received either 2
Mg-based screws (one Mg-10Gd and one Mg-5Gd) or two non-Mg
screws (PEEK and Ti), with random allocation to the left and right leg.
In total, 30 screws for each material were implanted in 60 rats. After
screw insertion, the flaps were sutured. The rats received an analgesic
dose of Buprenorfin of 0.01-0.05 mg/kg (Temgesic, Indivior Europe
Limited, Dublin, Ireland). The rats were free to move in the cages and
were fed ad libitum.

After 4, 8, and 12 weeks of healing, the rats were euthanized (20 rats
per healing time) with a lethal dose of anesthetic. The legs were
dissected, and bone was exposed around the implant area. The implants
with bone around were explanted using a trephine bur of 6 mm diam-
eter. The bone-implant blocks were fixed in 70% ethanol for at least 1
day and were then dehydrated in a graded series of ethanol. The samples
were critically point dried.

2.2. SRuCT data acquisition and analysis

2.2.1. Synchrotron radiation based micro computed tomography (SRuCT)
Tmaging of the critically point dried explants was performed at the
P05 imaging beamline IBL, which is operated by the Helmholtz-Zentrum
Hereon, at the PETRA III storage ring at the Deutsches Elektronen-
Synchrotron (DESY) in Hamburg, Germany [26,27]. Samples were
scanned during several beamtimes and with various settings due to
technical problems with the monochromators and cameras. Various
photon energies ranging from 25 to 45 keV were used employing a
double crystal monochromator (DCM) or a double multilayer mono-
chromator (DMM). The horizontal beam profile of both mono-
chromators is about 6.5 mm. The vertical beam profile of the DMM is
about 7 mm. This is due to an increased vertical divergence of the DMM
caused by a slightly bent crystal introduced by its holder. The vertical
beam profile of the DCM ranges from about 1.5 to 3.5 mm depending on
the X-ray energy. When using the DCM, two height scans were necessary
to image the sample. An indirect detector system was used where X-ray
photons, which are transmitted by the sample, are converted to optical
light by a cadmium tungstate (CdWO4) scintillator screen. The optical
light is magnified by a microscope optic and detected by a camera. Two
cameras were used: a camera with a CCD (charge-coupled device) sensor
(KAF-09000) with 3056 x 3056 pixels, a 16-bit dynamic range and a
pixel size of 12.0 pm, and a camera with a CMOS (Complementary
metal-oxide—semiconductor) sensor (CMOSIS CMV 20000), which was
developed in collaboration with KIT [28], with 5120 x 3840 pixels, a
12-bit dynamic range and a pixel size of 6.4 pm. An objective lens with a
fivefold magnification was used resulting in an effective pixel size of 2.4
pm and 1.2 pm, respectively. All samples were imaged using attenuation
contrast and a step-wise rotation. For the CCD camera 1200 projections
were used. To account for the higher noise and the lower dynamics of the
CMOS camera compared to the CCD, a higher number of projections was
used from 2400 up to 3000 depending on the lateral extend of the
sample and the X-ray energy. Data pre-processing (flat and dark field
correction, pixel filtering, beam current normalization) and tomo-
graphic reconstruction was implemented in MATLAB (The MathWorks,
Inc.) using the tomographic reconstruction pipeline at IBL [29,30]. For
tomographic reconstruction the filtered back projection (FBP) algorithm
was employed using the ASTRA toolbox for back projection [31,32].
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2.2.2. Image segmentation of SRuCT data, registration and resampling of
pre-implantation screw

The bone-implant interface exhibits a heterogeneous texture with a
linear attenuation coefficient for the degradation layer that varies from
the one of bone and the residual alloy, resulting in similar grey values for
both materials. Therefore, automatic segmentation approaches failed
when applied to the ex vivo datasets of the Mg-xGd screws [33]. Due to
the fragmented texture of the bone-implant interface, the semi-manual
segmentation using a watershed algorithm with an iterative refine-
ment was very cumbersome and time-consuming. Hence, a deep
learning based segmentation using a U-net convolutional neural
network (CNN) was developed using the hitherto manually segmented
annotations as training data [24]. In the segmentation process four la-
bels were used: residual alloy, degradation layver, bone and background.
The three-dimensional (3D) volume renderings of the labels are visual-
ized in Fig. 1, while an example cross sectional slice of two Mg-10Gd
implants showing the mixture of the materials and tissues with
different X-ray attenuation is given in Fig. 2. The denotations used
during the analysis process are listed and described in Table 1.

2.2.3. Image analysis of SRuCT data

After segmentation of the ex vivo image, the “pre-implantation
screw” was registered and resampled on the “screw with degradation
layer”. All ex vivo data were resampled to a voxel size of 5 pm and the
longitudinal axis of each screw was aligned parallel to the z-axis of the
coordinate system (example of a transverse view in Figs. 1C and 2A)
prior to the analysis. Here, a voxel size of 5 pm was chosen to accelerate
the data processing. The parameters are investigated as 2D and 3D pa-
rameters and are summarized in Table 2 (with definitions following in
subsequent sections).

The 3D calculations consisted in the calculation of the various pa-
rameters over the entire volume. The 2D calculations consisted in the
calculation of the various parameters on each slice of each data-set and
resulted in a statistical mean value and standard deviation for each
parameter. The standard deviation of the certain parameter gives sta-
tistical information on the parameter’s performance along the screw’s
height. Hence, the 2D calculations are beneficial, since more informa-
tion with less samples can be gained.

The 2D and 3D calculations are described in details in another
publication [18]

2.2.3.1. Degradation rate (DR), mean degradation depth (MDD), volume
loss (AV) and pitting factor (PF). The degradation rate (DR), the mean
degradation depth (MDD), the volume loss (AV) and the pitting factor
(PF) are defined as

i AV
DR [mm a ]7Avr (€Y}
MDD [um] = DR-t @
pr=2F 3)
MDD

where denotes A the initial surface area, t the degradation time, and DP
the depth of deepest pit. By fitting a line to the MDD values, the slope of
the fitted line was calculated and defined as the global degradation rate
(GDR) in mm a . Details of the calculations are described in Ref. [18].

2.2.3.2. Bone to implant contact (BIC). In order to evaluate how well the
implant is integrated into the bone (osseointegration), in the tomo-
graphic data the bone to implant contact (BIC(t), where t stands for
tomography), which is the contact area of the screw (with the degra-
dation layer) and the surrounding bone, is calculated (see Fig. 1B for the
visualization of the BIC(t)). The normalized BIC(t) is given by:
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C longitudinal view

Fig. 2. Cross sections of SRuCT scans of two different Mg-10Gd implants after
12 weeks in vivo degradation; f = fracture, db = degradation layer in bone, nmb
= non-mineralized bone (newly formed bone), mb = mineralized bone, d =
degradation layer. Cross-sectional slices of Mg-5Gd, PEEK and Ti can be found
in appendices, Fig. 10.The non-mineralized bone is referred as osteoid, because
of its very low X-ray attenuation which indicates low levels of Ca. The lacunae
and blood vessels are the pores within the mineralized and non-mineralized
bone, which differ in size. Lacunae are ellipsoids with sizes smaller than
approx. 15 pm. Bigger holes in the mineralized matrix are identified as vessels.

¥ surface voxels of implant in contact with bone

3D-BIC(1) [%] (4

# total surface voxels of ncs

here, the implant stands for the screw with degradation layer, defined
earlier in Table 1. To determine the contact voxels, the implant layer was
dilated once using the image processing package Fiji/ImageJ [34,35]
and added to the label bone. The voxels shared by the label “implant”
and the label “bone” were defined as in bone-to-implant contact (BIC).

2.2.3.3. Bone volume fraction (BV/TV). In order to evaluate the influ-
ence of the materials on the surrounding bone formation and the extent
of this influence at different distances from the screw, the bone volume
(BV) normalized by the total volume (TV) was calculated in two
different volumes of interest (VOIs) around the screws [36]. To two VOIs
were obtained as subvolumes from the entire dataset volume by dilating
the pre-implantation registered screw 20 and 40 times, respectively, to
obtain a 100 pm (VOI1) and 200 pm (VOI2) volume of interest around
each screw. The choice of these VOIs is based on the thread’s depth of
the M2 screws, which is 250 pm. VOI1 represent a volume in close
proximity to the screw surfaces and VOI2 represents the volume inside
the threads and around the thread tips (Fig. 1A). The number of voxels
occupied by mineralized bone in the VOIs in the bone volume (BV) and
is calculated as a ratio over the entire volume of the tissues in the VOIs
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Fig. 1. Visualization of a SRUCT scan of a Mg-10Gd
implant after 8 weeks in vivo using 3D volume ren-
derings (A-C) and cross sections (D). (A) Screw with
degradation layer (red) with 200 pm of swrounding
bone (grey). (B) Visualization of the BIC (white) over
the screw with degradation layer (red). (C) Residual
alloy. (D) Transversal cross sections of the residual
alloy as indicated in (C). (For interpretation of the
references to color in this figure legend, the reader is
referred to the Web version of this article).

D transversal /
slice-wise view

Table 1
Explanation of the denotations used during the pCT image analysis.

Name Explanation

Pre-implantation screw Volume of the screws prior to implantation
measured on Nanotom lab-source pCT (applies
only to the Mg-based screws, as the PEEK and
Ti screws are expected not to change their
shape during time)

Residual alloy Volume of the screw in the explanted samples
that did not corroded during the observation
period. Calculated from the visible screw-
shape implants without the degradation layer,
on the basis of the absorption behavior.
Corrosion products of Mg alloys in the
explanted samples, remaining attached to the

Degradation layer

original metal, often maintaining the original
threaded shape and distinguished from the
original metal on the basis of the absorption
behavior.
Screw with degradation layer Volume of the residual alloy and the attached
corrosion layers, distinguished from the bone

and the other surrounding tissues.

(“degraded screw™ or “implant™)

Bone Volume of the mineralized tissue surrounding
the implants in the explants.

Background Volume of the all the remaining materials that
were not assigned to the above labels (like soft
tissues, air, water, etc.)

Table 2

Analysis parameters of the SRUCT ex vivo samples.

Parameter Dimension of investigation
3D 2D

Degradation rate (DR) v

Mean degradation depth (MDD) v -

Volume loss - v

Pitting factor (PF) v v

Bone-to-implant contact (BIC) v v

Bone volume fraction (BV/TV) v

(BV/TV), following the formula:

# voxels of bone volume

D — (%] =
[%] # voxels of total volume of the VOI

— ()

2.2.3.4. Additional segmentation. Due to the weak contrast between the
non-mineralized bone and the background, the segmentation could not
automatically discriminate the non-mineralized bone from the back-
ground in the SRuCT. Non-mineralized bone, present especially at the
shorter healing times, was not segmented as bone, but was instead
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included in the background layer as the soft tissues, and therefore it was
excluded from the calculation of the BIC and BV/TV parameters.

However, on the SRUCT data it was possible to visually identify
newly formed non-mineralized bone by the presence of the osteocytes
lacunae, as seen in Fig. 2B [37].

To obviate to this problem and to try to quantify the amount of non-
mineralized bone, 3 datasets of the Mg-10Gd after 12 weeks in bone
were randomly selected and further segmented semi-automatically via a
region growing algorithm using Avizo (version 9.4.2, Thermo Fisher
Scientifie, Waltham, MA), to identify and label the newly formed non-
mineralized bone.

Another aspect that was not possible to segment automatically with
the deep learning segmentation method was the fragments of the
degradation layer that occurred in some samples and were detached
from the implants and integrated into the surrounding tissues (Fig. 2B).
For that reason, on the same 3 datasets of Mg-10Gd at 12 weeks of
healing, the fragments of the degradation layers were segmented semi-
automatically via a region growing algorithm using Avizo and
quantified.

The additional segmentation was not applied to all the dataset
because it was greatly time-consuming.

2.2.3.5. Comparison of in vitro results from Ref. [18] with ex vivo results
from this study. Because it is of great interest to understand the predic-
tive capability of in vitre studies on the degradation behavior of Mg al-
loys in bone, the current data obtained by SRuCT in rats at 4, 8 and 12
weeks were compared to similar SRUCT data obtained from an in vitro
study on the same alloys (Mg-5Gd and Mg-10Gd) in the same M2 screw
shape, observed for 4 and 8 weeks. All the details of the in vitro exper-
iment are reported in Ref. [18].

In brief, the correlation between and ex vivo and in vitro results was
done by calculating the ratio between each ex vivo parameter and the in
vitro parameter (Dey vivo/Pin viero) at 4 and 8 weeks (the common obser-
vation point between the 2 studies), where p is the parameter of the
interest plotted on the x-axis. Both for pey yive and py, vitro the mean value
of the calculation is taken, since there were different amounts of samples
in both experiments.

2.2.4. Histology

After SRuCT imaging, the explants were re-infiltrated in absolute
ethanol and then embedded in methyl methacrylate resin by LLS Rowiak
LaserLabSolutions GmbH (Hanover, Germany). Each sample was cut in
half along the screw longitudinal axis with an Exakt saw. One half of
each sample was then prepared for non-decalcified histology with the
cutting-grinding technique ad modum Donath [38]. Sections of about 40
pm  were obtained and stained with a solution of Toluidine
Blue-Pyronine Y. The other halves of 36 samiples (three per material and
time point, randomly selected) were prepared for tartrate-resistant acid
phosphatase (TRAP) staining, to identify osteoclasts activity in the
proximity of the implants. These halves were laser cut with Tissue
Surgeon by LLS Rowiak LaserLabSolutions GmbH (Hanover, Germany).
Laser microtomy produced approximately 10 pm thick sections of the
bone surrounding the implants (not including the implants but including
some degradation layer) mounted on glass slides. The sections were then
stained with TRAP using a modification of the protocol described in
Ref. [39]. The modified protocol is proprietary by LLS Rowiak (Hanover,
Germany). The reagents were purchased from Carl Roth (Karlsruhe,
Germany). All stained sections were imaged with a white light optical
microscope equipped with a camera (Nikon Eclipse Ci-L and DS-Fi3
camera, Tokyo, Japan). Automatic white-balance was performed on
areas of non-tissue background and images were taken at the same
exposure conditions. Quantitative histomorphometry was performed
using the image analysis software Fiji/ImageJ [34,35] and the param-
eters defined in the following subsections were calculated.
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2.2.4.1. Bone to implant contact (BIC(h)). The bone to implant contact
from the histology images (BIC(h), where h stands for histology) was
measured on toluidine blue stained sections at 200x magnification. BIC
(h) was calculated as the percentage of the implant perimeter in direct
contact with bone, versus the entire implant perimeter inserted in bone
(therefore, the parts of the implants sticking out of bone and the implant
perimeter inside the screw driver slot were not included in the analysis).
For the Mg-based screws, as “screw” was considered the threaded-
shaped implant, that included both residual alloy and degradation
layers.

2.2.4.2. Bone area (BA(h)). Two regions of interests (ROIs) were
designed around the screws on toluidine blue stained histological im-
ages at 200x magnification. The ROIs included an area of tissue enlarged
orthogonally of 100 pm (ROI1) or 200 pm (ROI2) from the perimeter of
the screw in each sample. These areas were chosen to describe the in-
fluence of the materials on the tissues in the immediate proximity of the
implant surfaces (ROI1) and in an area included in the thread depth
(ROI12). They overlapped with the selected VOIs.

Bone tissue was segmented from non-bone tissue in the histological
images by manual segmentation. The bone area from the histology im-
ages (BA(h), where h stands for histology) is defined as the area occu-
pied by bone in each ROI, versus the entire area of each ROIL. Again, only
the area of the implants inserted in the bone was considered for the
analysis.

2.2.4.3. Tartrate resistant acid phosphatase (TRAP)-positive area per-
centages (TRAP%). This parameter was measured on TRAP-stained
sections at 200x magnification. Red-colored pixels were segmented
with a color thresholding method in Image J from the non-colored
background. The same ROI2 designed for the toluidine blue histologi-
cal slides was employed also for the TRAP-stained slides. The TRAP-
positive area percentage for each sample was calculated as the area
stained in red in the ROI2 versus the entire area of ROI2.

2.2.5. Statistical analysis

The mean, median, and standard deviation of all analyzed parame-
ters were calculated for each group. To measure the variation of the
pitting factor (PF), the volume loss (volume loss) and the bone to implant
contact (BIC) over the entire screw along its longitudinal axis, the co-
efficient of variation (CV) [40] were calculated. The latter is defined as
the ratio of the 2D standard deviation to the 2D mean of the parameter of
interest [18]. The CV PF, CV volume loss and CV BIC are used to assess the
degradation homogeneity.

Pearson’s R correlation (linear correlation) was used to calculate the
dependency between the investigated parameters, assuming a normal
distribution of the data (in MATLAB R2019b).

Bone-to-implant calculations obtained with histology and SRuCT
were compared using a pair Person correlation (a pair being the results
of the calculation with the two methods on the same sample). Both 3D
BIC(t) and the mean of 2D BIC(t) for each sample were compared with
the BIC(h).

The mean values of all 2D and 3D parameters for each group (ma-
terial, time point) were compared using a two-way analysis of variance
(ANOVA) multiple comparison test in MATLAB R2019b (The Math-
Works Inc., USA) and SPSS Software (IBM, Version 26 USA). Multiple
testing correction was performed using the Bonferroni adjustment
method [41]. A p-value below 0.05 was considered statistically
significant.

3. Results
All 60 rats recovered from anesthesia and surgery, and completed the

observation period. Nevertheless, not all scanned samples could be
properly analyzed after SRUCT due to insufficient image quality and not
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all samples could be processed for histology, due to technical problems.
The number of analyzed samples for each material and time is pre-
sented in Table 3.

3.1. Implant degradation velocity and homogeneity from SRuCT analysis

All parameters obtained from SRuCT data are presented in Fig. 3 as
box plots, while exemplary longitudinal slices of the bone-implants
samples are presented in Fig. 4. All values with details can be found as
the supplementary information (Table 6 and Table 7). The significant
differences observed are displayed in Table 4. The comparison between
the in vitro volume loss measurements and ex vivo analyses is presented
in Fig. 5, and the corresponding values can be found in Table 8.

3.1.1. Degradation rates

Both alloys revealed DRs below 1 mm a~! at all time periods
(Fig. 3A). There were no significant differences in the DRs of different
materials for the same time points.

The MDD of the in vivo corroded implants is presented in 3B. The
fitted lines in 3B represent the GDR (see Equation (2)). The GDR of Mg-
5Gd (0.18 mm a !) is more than twice as high as that of Mg-10Gd
(0.077 mm a’l).

3.1.2. Coefficient of variation of volume loss (CV volume loss)

The coefficients of variation of the volume loss (CV volume loss) are
presented in Fig. 3C. High values for both alloys indicate a high vari-
ability in the amount of the degradation layer in different parts of each
implant. This inhomogeneity of the degradation performance can be
observed in Fig. 4A where the Mg-10Gd screw displays regions with
threads that appeared intact, while in most other region they are
degraded entirely. When studying Mg-5Gd and Mg-10Gd alloys, we
observe a decreasing tendency of CV volume loss over time for both al-
loys. At all time points, Mg-10Gd showed a higher variation between the
CV values than Mg-5Gd. The latter further showed smaller values of the
variation and mean at 4 and 8 weeks than at 12 weeks. This indicates,
that Mg-10Gd degraded more inhomogeneously than Mg-5Gd until the
12-week time point. However, for the CV volume loss, no significant
differences were found for the different materials at the same time
points.

3.1.3. Pitting factor (PF)

The 3D pitting factor (3D PF), 2D pitting factor (2D mean PF), and
coefficient of variation of the 2D pitting factor (CV 2D PF) are repre-
sented in Fig. 3D-F and Table 6. A tendency for the 3D PF to decrease
over time was observed for both materials. No significant differences of
the 3D PF could be found for the two materials and at the same time
points. No significant differences of the 2D mean PDs and 2D CV PFs were
observed, neither between alloys nor time points, and the values were
lower than the 3D PF values.

3.2. Comparison ex vivo - in vitro

In Fig. 5, the ratios between ex vivo and in vitro results (in vitro results
shown in Ref. [18]) for 5 selected parameters are displayed.

The DRs observed ex vivo were higher than the in vitro ones for the
same time points (4 and 8 weeks). The difference is notably higher for

Table 3
Amount of ex vive samples investigated via SRuCT and histologically.
SRuCT Histology
4 weeks 8 weeks 12 weeks 4 weeks 8 weeks 12 weeks
Mg-5Gd 9 10 6 10 10 6
Mg-10Gd 8 9 8 7 10 9
Ti b 8 8 9 9 10
PEEK 9 10 9 10 10 9
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Mg-10Gd (2.8 and 2.6 times for 4 and 8 weeks, respectively) than for
Mg-5Gd (2 and 1.5 times for 4 and 8 weeks, respectively).

The CV volume loss obtained ex vivo is almost 4 times higher
compared to the one obtained in in vitro experiments, indicating a more
inhomogeneous distribution of the degradation layer ex vivo (Fig. 5).

The comparison of ex vivo and in vitro homogeneity behavior reveals
that 3D PF, 2D mean PF and CV 2D PF are similar for Mg-10Gd in both
experiments (except CV 2D PF after 4 weeks). For Mg-5Gd, the 2D mean
PF are similar in both experiments. The mean ratios of the CV PF are
between 1 and 2, meaning the ex vivo samples show higher overall in-
homogeneity than the in vitro ones. This indicates that the degradation
homogeneity of Mg-10Gd is similar for the ex vivo and in vitro results.

3.3. Implant integration into the bone from SRuCT and histology

3.3.1. Bone-to-implant contact (BIC)

The results of the osseointegration analyses of all four implant ma-
terials, calculated on tomographic data, are presented in Fig. 3G-I
(Table 7 in appendix).

All implants showed increasing 3D BIC(t) over time. Significant
differences were found between PEEK and all other materials at all times
points. PEEK implants showed on average between 25% and 50% lower
BIC(t) than the other materials at all time points. This can also be
observed in Fig. 6 showing magnifications of a thread for each material.
After 12 weeks of implantation, a gap is still visible between the PEEK
surface and the surrounding bone, indicating a low osseointegration
(Fig. 6C), in contrast to all other materials. Ti implants yielded the
highest average 3D BIC(t) at 4 and 8 weeks. At 12 weeks both Mg alloys
reached similar values as Ti, with Mg-10Gd having the highest average
3D BIC(t) at the longest follow-up time. In general, Mg-5Gd revealed
lower (4 weeks) or similar (8 and 12 weeks) 3D BIC(t) values compared
to Mg-10Gd. Both Mg-xGd implants showed smaller variations in 3D BIC
(t) at 12 weeks than the Ti implants.

Since the 2D mean BIC(t) is nearly equal to the 3D BIC(t), it is neither
presented in a graph nor discussed. The results of the CV 2D BIC(t) are
shown in Fig. 3H. The lowest variations were observed in Mg-xGd im-
plants, with Mg-10Gd having slightly lower values than Mg-5Gd. The
highest variation was observed in PEEK implants, which can be related
to the inhomogeneous distribution of bone-to-implant contact along the
implants. Significant differences are found between PEEK after 8 weeks
implantation and Mg-10Gd after 8 weeks of implantation. Additionally,
a significant difference is observed between PEEK and Ti implants after 8
weeks of healing.

Three Mg-10Gd samples were analyzed after 12 weeks of implanta-
tion with respect to the non-mineralized, as well as the mineralized
bone. The 3D BIC(t) excluding the non-mineralized bone resulted 48.1%
+ 1.2%, but after adding the non-mineralized bone it became 49.4% -+
1.6%.

The BIC(h) was calculated on histological slides stained with tolui-
dine blue to recognize bone tissue. The results are displayed in Fig. 6A
(and in Table 7 in the appendix). Exemplary slices of Ti, PEEK and Mg-
5Gd explants can be found in Fig. 7.

For all materials, BIC(h) increased from 4 to 8 weeks but remained
similar between 8 and 12 weeks. The lowest BIC(h) values were
observed for PEEK at all time points and the difference was statistically
significantly lower for PEEK compared to the other 3 materials at each
time point. Both Mg alloys showed higher BIC than Ti at 4 weeks with a
statistically significant difference between Mg-10Gd and Ti. The average
BIC(h) values of Mg-5Gd and Mg-10Gd were slightly higher than those
of Ti even at 8 and 12 weeks, but at this time point the difference was
small and not statistically significant.

3.3.2. Bone volume fraction (BV/TV(t)) and bone area (BA(h))

The tendency of the bone volume fraction BV/TV(t) was the same for
all materials and volumes of interest (VOIs). Therefore, only the results
for the 200 pm VOI are discussed and the values for the 100 pm VOIs are
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Fig. 3. Box plots of the results of the ex vivo
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presented in supplementary Table 7. The results of the BV/TV(t) for
VOI2 are presented in Fig. 31. Ti samples revealed high BV/TV(t) values
at each time point. In particular, already after 4 weeks of implantation,
the amount of bone around Ti implants was close to 50% and remained
stable at longer time points. PEEK implants showed a BV/TV close to
40% at 4 weeks which increased with time, with the highest average
value for all material at 12 weeks (49.4%). At 4 weeks, both Mg alloys
showed a BV/TV close to 20%, which raised to around 35% at 8 weeks.
After 4 and 8 weeks of healing, Mg-xGd implants exhibited significantly
lower BV/TV values than Ti and PEEK implants. Similarly, for PEEK
screws, the average values of BV/TV at 4 and 8 weeks were significantly
lower than those of Ti. However, at the 12 weeks mark, all materials
yielded similar BV/TV values, without statistically significant differ-
ences (between 45% and 49.3%).

For three Mg-10Gd samples after 12 weeks of in vivo degradation the
BV/TV(t) was calculated including mineralized bone only resulting in a
BV/TV(t) of 36.6% + 5.6%, also including non-mineralized bone
resulted in a BV/TV(t) of 37.6% =+ 5.7%.
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Bone area (BA(I)) on the histological slides is the parameter to be
compared to the bone volume density (BV/TV(t)) on tomographic data.
It was calculated on two ROIs of 100 and 200 pm from the screw surface.
The results of BA(N) in the 200 pm ROI are displayed in Fig. 4B (and in
Table 7 in the appendix) and discussed below. The results for the other
ROI are presented as supplementary material in Table 7.

Ti implants showed a rather stable BA(h) over time, between 56.9%
+ 13.6% at 4 weeks and 64.8% + 8.9% at 12 weeks. The BA(h) of Ti was
significantly higher than that of Mg-5Gd at all three times. The BA(h) of
PEEK was the one that varied most over time, with an average value of
51.5% + 11.6% at 4 weeks, which grew to 64.8% + 11.5% art 8 weeks
and 65.26% + 14.6% at 12 weeks. Both values were the highest of all
groups and the difference was statistically significant with Mg-5Gd and
Mg-10Gd at 8 weeks, and Mg-5Gd at 12 weeks. The BA(h) of Mg-10Gd
remained almost constant over time, while that of Mg-5Gd was lower at
4 weeks (44.7% + 11.4%) and then increased to 53.0% -+ 8.6% over
time.
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Fig. 4. Longitudinal slices of ex vivo SRUCT scans 12
weeks after implantation. (A) Mg-10Gd, (B) Mg-5Gd,
(C) PEEK, (D) Ti. The image contrast was adjusted for
better visualization, which results in the different
grey level appearances of the bone in the images. The
respective scale bars apply to all images. The thin
black space between the bone (whiter) and the PEEK
(darker grey) in (C) PEEK is the background, a small
gap between the bone and the implant. Such gap is
not visible in (A) Mg-10Gd, (B) Mg-5Gd or (D) Ti.
This gap for PEEK can be found also in Fig. 10 in
appendices.

P-values; *DR (p < 0.05); MDD (p < 0.05); +CV volume loss (p < 0.05); 23D PF (p < 0.05); 2D mean PF (p < 0.05: no significant differences at all); CV PF (p < 0.05:
no significant differences at all); v3D BIC (p < 0.005); [JCV BIC (p < 0.05); @BV/TV 200 ym (p < 0.001).
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3.3.3. Tartrate resistant acid phosphatase (TRAP)-positive area
percentages (TRAP%)

The presence of TRAP-positives regions in histological slides repre-
sents osteoclasts activated for bone resorption. There was a statistically
significant difference in TRAP-positive regions among materials and at
different healing times. The highest osteoclast activation for all mate-
rials was at 4 weeks, and the difference was statistically significantly
higher compared to the other two time points. Then, for Ti sample, it
decreased gradually with time, while for Mg-5Gd, Mg-10Gd and PEEK
samples, it decreased from 4 to 8 weeks, then slightly increased between
8 and 12 weeks, but the difference between these two points was not
statistically significant.

Mg-5Gd slides at 4 weeks showed the highest number of TRAP-
positive locations among all materials, statistically significant higher
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than the other three materials. The differences among Mg-10Gd, PEEK
and Ti were not statistically significant at any of the three time points.

In general, active osteoclasts were concentrated mostly on the sur-
faces of trabecular bone within the medullar regions of the tibia and less
on the cortical regions. Osteoclasts were sporadically found directly on
the surfaces of the degradation layer of Mg-5Gd samples (see Fig. 8).

Activated osteoclasts are visible as TRAP-positive pixels (grey ar-
rows). At 4 weeks many TRAP-positive areas are present, especially in
the trabecular bone and in regions very close to the implant surfaces.
Some active osteoclasts are stained near the degradation layer (asterix).
At 12 weeks, very few active osteoclasts could be observed.
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Table 5
Strength and direction of the linear correlation between the investigated pa-
rameters [29].

P1 P2 Mg-5Gd Mg-10Gd PEEK Ti
3D BIC DR [mm MS: —0.76 MS: —0.74
(® al] (p = 0.000) (p — 0.000)
[%]
3DBIC  3DPF[a. TF:—-0.42(p P:—0.05(p
(® w] = 0.033) = 0.000)
[%]1
DR [mm 3D PF [a. P: 0.15 (p = P: —0.19 (p
al] w.] 0.472) = 0.355)
3D PF 3D BV/ MS: —0.60 F: —0.37 (p
[aw] TV (p =0.001) = 0.065)
%]
3DBIC  3DBV/ VS:0.86 (p  MS:0.75(p  MS: 0.73 P: 0.07 (p
(® TV(z) ~ 0.000) = 0.000) (p=0.000) =0.831)
%] %]
BIC(h) 3D BIC MS: 0.74 (p  M:0.554(p M:0.56(p  MS: 0.62
[%] () [%] ~ 0.000) ~ 0.008) ~ 0.002) (p — 0.004)
BIC(h) 2D BIC MS: 0.74 (p  M:0.53 (p P: 0.32 (p MS: 0.64
%] () [%] ~ 0.000) = 0.01) =0.1) (p = 0.003)
BIC(h) BA [%] P:0.25(p—~ P:015(p— M:0.49(p M:0.42(p
[%] 0.21) 0.48) = 0.013) = 0.025)
BA [%]  3DBV/ M:05(p— P:0.28(p—  MS: 0.60 MS: 0.73
TV(2) 0.007) 0.22) (p=0.002) (p=0.000)
%]

Table legend: P1 and P2: parameters correlated; VS = very strong, MS =
moderately strong, F = fair, P = poor; value: correlation coefficient; p-value:
significance of the correlation; 3D BV/TV and BA values are those in the VOI2
and ROI2, within 200 pm from implant surface. The p-values represent the
probability that the correlation between investigated parameters occurs by
chance.
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Fig. 5. Ratio between mean ex vivo and mean in vitro analysis parameters (p).
The parameters plotted on the x-axis are degradation rate (DR), coefficient of
variation of the volume loss (CV volume loss), 3D pitting factor (3D PF), 2D
pitting factor (2D mean PF) and coefficient of variation of the 2D pirtting factor
(CV 2D PF). The in vitro analysis is published in Ref. [18]. The results are
summarized in Table 8.

3.4. Correlations

The results of Pearson’s correlation of different parameters are pre-
sented inTable 5 with the interpretation of the Pearson’s correlation
coefficient R from Ref. [42]. Only one very strong correlation between
3D BIC(t) and 3D BV/TV(t) was found for Mg-5Gd. This suggests a de-
pendency between the amount of the bone growing in the surrounding
of the screw and the bone in direct contact with the Mg-5Gd surfaces.
For Mg-10Gd and PEEK the correlation was moderately strong. By
contrast, there was no correlation for Ti implants. A moderately strong
inverse correlation was found between the DR and the 3D BIC(t) in
Mg-5Gd and Mg-10Gd implants. Another moderately strong inverse
correlation was found between the 3D PF and 3D BV/TV(t) of Mg-5Gd
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alloy implants. This dependency was just fair for Mg-10Gd. A fair in-
verse correlation was seen between 3D BIC(t) and 3D PF for Mg-5Gd,
while there was a very poor, correlation for Mg-10Gd. For both alloys
there was a very poor correlation found between DR and 3D PF.

3.5. Qualitative observations

3.5.1. Degradation layer behavior

One characteristic aspect of the degraded Mg screws was that they
maintained the original threaded shape while they transformed into
degradation products. The degradation layers displayed a different grey
values range in the tomograms and a different color in the histological
slides compared to the original metal. In particular, on histological
sections stained with toluidine blue, the degradation layers of Mg-xGd
implants were stained in pale purple similarly to the surrounding bone
(Fig. 7), but could be distinguished from the bone because they lacked
the presence of cells.

The registration of the tomographic and histological images of the
same samples confirmed that what was identified as degradation prod-
uct on the basis of the grey value, was also stained in purple and iden-
tified as degradation layer in the histological images (Fig. 9). This
observation validated our segmentation procedure (section 2.2.2).

Some parts of the degraded screw threads were broken, which might
indicate a brittle behavior of the degradation layer (Figs. 2 and 6A and
B). Tomograms of three Mg-10Gd screws after 12 weeks healing were
visually inspected and segmented with respect to the amount of the
degradation layer which was fractured and fully isolated from the screw.
Averaged over three samples, 0.62% + 0.34% of degradation layer was
found to be fractured of which 4.6% + 1.34% were surrounded by bone.
The degradation layer debris were often surrounded by mineralized
bone and sometimes newly formed non-mineralized bone grew into the
fracture line between a detached debris and the implant (Fig. 2B). Cross-
sectional SRpCT images of Mg-5Gd, PEEK and Ti as comparison to Fig. 2
after 12 weeks in vivo degradation can be found in appendices (Fig. 10).

3.5.2. Tissue integration and tissue reactions around different materials

Bone tissue surrounded the implants of all materials already at 4
weeks, and its amount increased continuous up to week 12. Bone grew
into the screw threads, and a thin layer of bone encapsulated most of the
screws extending even in those areas that initially were not in contact
with bone surfaces (i.e. the medullar space of the tibia). We observed a
higher amount of woven bone around the Mg alloys, especially at 4
weeks, while the bone around Ti and PEEK looked more mature. Woven
bone was identified by its darker purple/blue color and the presence of
larger osteocytes lacunae (magnifications in Fig. 9) with a round shape
compared to mature bone that displayed a paler lilac/purple coloration
and smaller and almond-shaped osteocyte spaces. Newly formed bone
was found predominantly facing regions of the implants that were more
degraded, while more mature bone was observed incorporating areas of
the implant with less corrosion. Because of the extreme time consunip-
tion, quantification of that bone was not possible. The newly formed
bone appeared sometimes detached from the surface of the degradation
layer, especially in the 4-week samples, but that was likely an artefact of
the critical point drying process. Bone was in tight contact with the
screw surface of the three metallic materials tested, especially after 12
weeks of healing (Fig. 7). Many of the Mg screws at 12 weeks of healing
showed a seamless connection of bone and degradation layers which
was hard to distinguish on histological slices, especially considering that
the corrosion layer was stained in the same light purple color of the bone
(see Fig. 7, in particular the Mg-10Gd screw). Osteocyte lacunae in the
bone demarcating Mg materials often appeared to be oriented parallel to
the implant surfaces.

In general, no adverse reactions or excessive inflammatory infiltrates
were noted around any of the implants in this study.
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Fig. 6. Results of ex vivo investigation of Mg-5Gd, Mg-10Gd, PEEK and Ti screw implants over 4, 8, 12 weeks healing period from histological analysis. (A) 2D Bone
implant contact (2D BIC), (B) 2D Bone area (2D BA) for 200 pm, (C) Tartrate resistant acid phosphatase-positive area (TRAP) in a 200 pm ROI around the screw
surfaces (Error bars correspond to 99% confidence interval). See Table 7 for numeric values.

Mg-10Gd

Fig. 7. Ex vivo histological slices of Mg-5Gd and Mg-10Gd, PEEK and Ti implants after 12 weeks of healing, stained with toluidine blue. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article).

4. Discussion
4.1. Degradation behavior

The Mg-10Gd implants in the current study degraded significantly
slower than the alloy presented by Galli et al. [43] (ca. 50% and 33%
lower after 4 and 12 weeks implantation respectively). However, while
the nominal alloys were the same in both studies, other factors were
different. The microstructure of the alloy, together with a thorough
material characterization, was reported in a recently published paper, in
which screws originating from the same batch as those used in the
current experiment were examined [18]. In contrast to the screws of
Galli et al. [43] the material in Ref. [18] and the current study was not
taken from the center of the extruded bar, to avoid stronger galvanic
effect by segregation processes from the casting. As one effect, the
Gd-rich particles are smaller and more finely distributed in the Mg-xGd
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alloys of the study in Ref. [18] and the current one.

The study [18] showed that Mg-5Gd and Mg-10Gd had a grain size of
51.78 pm =+ 10.91 pm and 26.67 pm =+ 1.30 pm, respectively. Therefore,
the grain sizes were larger than those reported by Galli et al. [43], but
the standard deviation among samples were considerably smaller.
Additionally, the Gd-rich particles of the alloys in our study were rather
fine and homogeneously distributed, as shown in the metallographic
examination [18] in contrast to what shown in Galli et al. for Mg-10Gd
[43]. Another study from Myrissa et al. [44] investigated the degrada-
tion of Mg-10Gd in the form of pins for 4 weeks in rat femur. The authors
reported nearly 0.1 mm a~* slower degradation of the pins, compared to
our screws. However, Myrissa et al. [44] observed substantial disinte-
gration of the Mg-10Gd pins after 12 weeks in bone, and they could not
calculate the degradation rate at that time point because it was not
possible to segment all the small remnants of the implants from the
bone. In contrast, both alloys in our study appeared manly intact for the
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Fig. 8. Histological images with TRAP staining of (A) a Mg-5Gd screws after 4 weeks; (B) a Mg-5Gd after 12 weeks of degradation in rat bone. (C) and (D): magnified

areas of the above images.

Fig. 9. A tomographic slice (left image) and histo-
logical slice (right image) of a Mg-10Gd screw after 8
weeks in vivo. The green line indicates the border
between the residual alloy and the corrosion layer on
the histological image. The red line indicates the
borders between the corrosion layer and the bone
from the tomographic image. The residual alloy ap-
pears black in the histology because it is made of the
original metal and it does not allow light to pass
through. It can be noted that the degradation layers
identified on the histological image as part of the
screws, but not made of metal, overlap with the same
areas identified in the SRyCT as areas with a different
absorption coefficient than the residual alloy. Higher
magnifications of the pCT slice and of the histology
(red square areas) show a region of woven bone, less
mineralized. In the histology, the woven bone (black

arrows) has a darker colour and rounder osteocites lacunea, compared to the mature bone. In the pCT, the woven bone (white arrows) is less absorbing than the
mature bone, probably because it is less mineralized. In addition, this bone is slightly detached from the implant surface (asterixs), probably as an artefact due to the
shrinkage occwred to this less mineralized tissue during critical point drying. (For interpretation of the references to color in this figure legend, the reader is referred

to the Web version of this article.)

entire follow-up time.

The homogeneity of the degradation, which is an important char-
acteristic for the mechanical integrity of the implants during healing, is
mainly described by the PF with a lower PF indicating a more homog-
enous corrosion behavior. In our study, the 3D PF was higher for Mg-
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10Gd than Mg-5Gd and it tended to decrease over time slightly.

One could argue that the pitting corrosion would be mostly visible in
the early implantation stages, when the MDD values in the PF formula
are lowest. However, we found a poor correlation between the DR and
3D PF of both alloys, and for that we assumed that, even in the early
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stages, the degradation homogeneity was not influenced by the higher
DRs. However, other non-linear correlations could exist between the DR
and 3D PF, which were not investigated in this study.

4.2. Comparison of ex vivo and in vitro results

Previous research pointed out that the degradation rate of Mg alloys
is usually faster in vitro than in vivo [44]. However, in our experiments,
we observed degradation rates that were higher in vivo than in vitro (by a
factor of 2 and 1.5 for Mg-5Gd and 2.8 and 2.6 for Mg-10Gd, both for 4
and 8 weeks of healing). A similar tendency was observed also in
Ref. [43] on Mg-10Gd and Mg-2Ag alloy implants. As discussed in
Ref. [43], the reason for this tendency may be that the in vitro tests are
mostly observed on disks instead than of the actual implants. Moreover,
the SRuCT investigations of ex vivo data we performed are conducted at a
significantly higher resolution than the in vivo imaging usually found in
literature, which may result in significant differences. A possible
explanation for the implants’ degradation being faster in vivo than in
vitro could be the influence of the mechanical stresses on the screws
either due to the friction of the implant with the osteotomy walls during
the insertion or due to the animal’s movement during the implantation
period in the animal, or a combination of both aspects [43]. Another
possible reason for the faster degradation in vivo than in vitro is that in
tissues the pH is continuously buffered and the degradation products as
well as Mg ions are quickly removed by the blood flow. Simultaneously
new electrolytes are fed to the corrosion sites maintaining the local
implantation environment propitious to continuous degradation [45].

We further compared the PF observed in vivo to the one observed in
vitro for the same alloys [18]. The 3D PF was very similar, but slightly
lower for Mg-10Gd implants in vivo compared to in vitro at 4 and 8
weeks. In addition, 3D PF was lower for Mg-5Gd in vive than in vitro. This
can be partly explained by the increased DR in vivo compared to in vitro,
since the PF is inversely proportional to the DR. A higher DR can thus
result in a smaller PF even at equal pits depth in the sample. However,
Mg-5Gd implants at 4 weeks of degradation revealed on the contrary
higher 3D PF values in vivo, while still having higher DRs in vivo than in
vitro. This may indicate that the pitting corrosion for these materials in
bone was significant in the early stages of degradation.

The 2D mean PF was slightly lower in vivo than in vitro, both at 4 and 8
weeks and for both materials. However, the coefficient of variation (CV)
of the 2D PF, which describes the variation between different slices of
the screws, was higher in vivo than in vitro. In addition, we observed a
higher CV of 2D volume loss of the in vivo degraded screws for both
materials and time points. It revealed a relevant intra-implant variation,
because different regions of the same screw corroded differently, but did
not display higher pitting factors. In other words, the amount of material
degraded is more or less homogeneous when calculated in each slice,
without deeper pits, but slices at different heights of the screws showed
different amounts of degradation. This is not surprising considering the
bone tissue composition in which the screws were immersed. Some parts
of the screws were in contact with the hard and compact bone of the
cortical region of the tibia. In contrast, other parts were exposed to the
trabecular bone with more marrow spaces or even the marrow cavity.
Therefore, vascularization and fluid exchange are expected to be
different in these regions, providing different environments for corro-
sion. Moreover, different areas of the screws in contact with the cortical
bone of the rat tibia were likely to be exposed to different levels of
movement-induced strain, which might have triggered a different
degradation behavior. The screws degraded in vitro were all immersed in
cell culture media and were, therefore, less affected by localized
corrosion. Another qualitative observation was that the screws were
more degraded at the bottom and at the top. This is likely to be attrib-
uted to the larger surface area of the screw which was exposed to the
surrounding environment in these regions.
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4.3. Bone response in relation to degradation

The BIC, studied with both imaging methods, tomography and his-
tology, confirmed high values for the Mg materials and Ti and it sug-
gested that both Mg-xGd alloys obtained comparable osseointegration as
Ti implants, for the healing times investigated.

The comparisons of BIC among different studies should be done with
caution, as there is a lot of variability among experiments (e.g. the shape
of the implant, the implantation site, thickness of the histological sec-
tions as well as the scanning parameters). However, it seems that the
current results are in line with other data in the literature. The 3D BIC(t)
of our Mg-xGd materials were similar to the 3D BIC(t)s of pins made of
AZ31 alloy and pure Mg, after 4 weeks of healing in rat bone, but after
12 weeks, Mg-xGd materials showed a lower 3D BIC(t) of approximartely
5% and 20% compared to AZ31 and pure Mg, respectively [46]. How-
ever, one reason for that could be that the AZ31 and pure Mg pins were
studied with pCT from a lab source, with lower spatial and density
resolution, compared to the SRUCT employed here.

Some studies discuss images of bone-implant samples obtained using
both methods, showing that laboratory pCT is more prone than SRuCT to
artefacts like beam-hardening [47]. Those artefacts affect especially the
region of the edge between the metal implant and the bone, making it
difficult when not impossible to correctly calculate the BIC. Neldam
et al. [48] using SRuCT data around Ti implants in bone showed that the
BIC calculated within 5 pm from the implant was tremendously different
than the BIC calculated at 50 pm from the implant, arguing that the BIC
results can vary a lot with the variation of the voxel size. In addition, in
many images we found newly formed bone in the proximity of the
degradation layers but detached from them and separated by a thin gap,
which was completely empty and did not show staining for cells or tis-
sues in histology (Fig. 9). This might be an artefact of the critical point
drying procedure. The new bone was probably less mineralized, and it
might in fact have shrunk during the drying process, resulting in a thin
gap between the bone and the implant. That suggests that the real BIC
for the Mg alloys was probably higher in the living animal than what we
measured ex vivo.

One study, employing SRuCT as we did, showed 3D BIC(t) values for
Mg-10Gd screws after 4 and 12 weeks in rats that were 5-10% lower
than what we found [43]. However, the DR of Mg-10Gd was also higher
than what we reported, and that could explain the lower BIC, because of
the greater surface degradation and formation of hydrogen gas during
the early phases of degradation [43].

The DR could not be the only parameter that influences hydrogen gas
formation and Mg-xGd alloys could have some advantages over pure Mg
in that respect. Marco et al. [49] observed that the DR (1.11 mm a~l+
0.05 mm a~ ) of a Mg-10Gd pin implant was much higher than the one
of pure Mg (0.15 mm a ! +0.03mma ) and Mg-2Ag (0.13 mm al+
0.04 mm a~1). However, the number of gas pockets detected with pCT
after 7 days post-implantation for Mg-10Gd (0.23 mm® + 0.32 mm?) was
much lower than with pure Mg (3.4 mm® + 1.93 mm®) and Mg-2Ag
(6.52 mm® + 8.41 mm®). One reason for that is that Mg-RE alloys,
such as Mg-10Gd, can absorb hydrogen from the environment and form
hydrides in cuboid shape [50-52].

When correlating the 3D BIC and DR of the Mg-xGd alloys, we found
a moderately strong inverse correlation. This can be interpreted in two
ways. We can hypothesize that when bone is in close contact with the
surfaces of the Mg alloys, the DR slows down. But, the inverse hypothesis
can also be true, which is that when the DR is lower, more bone can grow
in direct contact with the screws (possibly due to a lower gas formation
interfering with the attachment of bone cells to the surface).

Previous in vivo investigation utilizing Mg implants have suggested
that Mg enhances the bone formation and mineralization compared to
permanent implants [53-55] and the possible reasons for that is either
the release of Mg ions and/or the alkalization of the local environment
during the degradation [43,56,57]. In addition, the degradation layers
of Mg materials are rich in calcium and phosphor ions, which are the
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same components of hydroxyapatite, the bone mineral matrix, and
therefore might be osteoconductive [58-60]. In fact, our observation of
an increasing amount of 3D BIC(t) and 3D BV/TV(t) with ongoing
healing time would support the latter suggestion.

Additionally, the fair and poor inverse correlation of 3D BIC and 3D
PF of Mg-5Gd and Mg-10Gd, respectively, indicate that a relatively high
pitting factor does not interfere with the apposition of bone on the
implant surfaces. The moderately strong and fair inverse correlation of
the 3D PF and 3D BV/TV for Mg-5Gd and Mg-10Gd implants could
indicate the influence of the surrounding bone on the degradation ho-
mogeneity, more so for Mg-5Gd than for Mg-10Gd. Nevertheless, it has
to be mentioned that after the elimination of 3D PF outliers with values
larger than 30 for both materials, the correlations assimilated (correla-
tion 3D PF and 3D BIC: —0.44 and —0.42 for Mg-5Gd and Mg-10Gd,
respectively; correlation 3D PF and 3D BV/TV: —0.55 and —0.45 for
Mg-5Gd and Mg-10Gd respectively). This could indicate that the per-
formance of both materials is more prone to unexpected and/or different
behavior in the beginning of the implantation and is more comparable
after a certain period of implantation. However, it is also suggested that
in the presence of lower pitting factor there is more bone around the
screws. Hence, the homogeneous degradation is in correlation with bone
growth and/or the way around - the presence of bone induces homo-
geneous degradation.

Despite PEEK implants had significantly lower BICs than the other
materials, the lowest BV/TV was found for Mg-xGd. PEEK displayed a
relatively high BV/TVs and BAs and both values increased with the
healing time. This suggested that all materials were gradually sur-
rounded by bone, possibly to shield the implanted material foreign to
the body from the richly vascularized medullar cavity. The surrounding
bone was in close contact with the three metallic implants including the
areas of degradation of the Mg alloys, but it was often slightly detached
from the PEEK screws. This finding supports previous observations that
PEEK does not promote bone formation when in direct contact with
bone, while other implant materials like Ti do [61-64].

The strong and moderately strong correlation found between 3D BIC
and 3D BV/TV for Mg-5Gd and Mg-10Gd, respectively, suggests that for
these materials the presence of more bone tissue in the proximity of the
implants increased the probability that this bone was in contact with the
implant surfaces. An equally strong correlation was also found for the
PEEK implants which displayed overall low 3D BIC values. For Ti, high
values of the 3D BIC and 3D BV/TV were already observed after 4 weeks
of healing. Assuming that the implant stability is correlated to the 3D
BIC, the very poor correlation observed for the Ti implants suggests that
the implant stability of Ti screws did not increase over the implantation
period.

A high variation of the BIC over slices, as described by the CV BIC,
was observed for the PEEK implants in comparison to the metallic im-
plants. We thus assume a more reliable and more homogeneous
osseointegration of the metallic implants.

The formation of new bone in the environment of Mg-10Gd and Ti
implants as well as the ingrowth of bone into the degradation layer and
the complete encapsulation of the detached debris of the degradation
layer by bone for Mg-10Gd material have already been observed qual-
itatively in Ref. [43]. We confirmed these findings by a quantitative
analysis of the distance and the integration of the fractured degradation
layer into the bone. We assume that the detachment of small fragments
of the degradation layer from the bulk marterial did not affect the
implant stability. The encapsulation of the newly formed degradation
layer into bone suggests that the integrity and stability of the Mg-xGd
implants did not decrease over time.

Simultaneous to our study, investigations were performed to track
the Gd ions from Mg-xGd implants [3]. The main risk with Gd3} ions is
that they have a similar ionic radius to Ca2+, and as such they might be
accumulated in the bone. Peruzzi et al. [66] found no traceable amounts
of Gd in the bone right next to the implants, neither with EDX nor with
neutron tomography. Gd was not detected in the main excretory organs,

49

Bioactive Materials 13 (2022) 37-52

which might mean that the Gd has remained in the implant site without
any interaction. Of course, it could be that there is some Gd mobility, but
it is below the detection limits of EDX, neutron tomography or XRF in
the organs.

Moreover, using EDX, Peruzzi al. [66] compared
semi-quantitatively the bone in the proximity of the Mg-Gd implants
versus the one in the proximity of Ti implants (for exact values Table 1
from Ref. [66]). No Gd was found anywhere, Mg was slightly higher in
the bone next to Mg-Gd implants but not high enough to be statistically
significant, Ca and P instead were significantly higher next to Ti than
next to Mg-Gd. However, Ca and P were basically the same for Mg-5Gd
and Mg-10Gd. This means that Mg-Gd implants indeed affects the
mineralization of bone in their close proximity, when compared to
controls, however a different concentration of Gd does not change this
behavior. The latter might suggest, that the main responsible for this
effect is probably Mg, rather than Gd.

With respect to the evaluation of the degradation and osseointegra-
tion of implants, SRuCT is advantageous over the standard technique of
histology, as it allows for a more comprehensive and non-destructive
evaluation. In general, SRUCT allows to assess parameters such as the
degradation homogeneity or the pitting factor not only on a few,
possibly not-representative slices, but throughout the entire sample
qualitatively, quantitatively, and in 3D [65].

et

5. Summary and outlook

In the current study, the degradation behavior of two Mg materials
containing Gd at different concentrations was investigated using ex vivo
imaging techniques, SRuCT and histology. The degradation rate and
degradation homogeneity were measured quantitatively with good sta-
tistics and high-resolution. PEEK and Ti, commonly used in orthopedics,
were investigated as reference materials to assess the material-
dependent differences in terms of osseointegration using parameters
such as the bone-to-implant contact area and the bone volume fraction
around the implants.

Acceptable degradation rates and degradation homogeneity of the
investigated Mg-xGd materials were confirmed in the current study. The
Mg materials displayed comparable osseointegration to the Ti controls.
On the other hand, the poor osseointegration of PEEK implants could
also be confirmed. A clear assumption about the advantages or disad-
vantages of any of the investigated Mg-xGd implants could not be made
out of the is study’s results.

Whether or not the observed high bone-to-implant contact area and
bone volume fraction of the Mg-xGd materials are truly indicators for the
implant stability needs to be investigated in the future.
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Appendices.
Table 6

Results (mean + standard deviation) from SRuUCT analysis of the ex vivo data and the comparison factor between the ex vivo and in vitro analysis — parameters related to
the screw (FM = factor mean, which is the ratio between the mean ex vivo value and mean in vitro value; FS = factor standard deviation, which is the ratio between the
standard deviation ex vivo value and standard deviation in vitro value).

4weeks 8weeks 12weeks
Mg-5Gd Mg-10Gd Mg-5Gd Mg-10Gd Mg-5Gd Mg-10Gd
DR [mm a '] FM|FS 0.63+ 2|8 0.62+ 2.8|6 0.37+ 1.5|5 0.39+ 2.6|2.7 0.34+ 0.26+
0.16 0.24 0.05 0.08 0.05 0.07
MDD [pm] FM|FS 48.3+ 2|7.5 47.3+ 2.8/6 56.7+ 1.5/9.2 60.6+ 2.6(3.0 77.3+ 59.1+
12 18.3 8.3 12.0 12.0 15.9
CV volume loss [%] FM|FS 79.0 8 3.9|2.5 92.1+ 3.4|5.1 69.5+ 2|3.6 85.4+ 426 74.4+ 78.9+
23.9 5.4 15.3 10.9 8.4
3D PF FM|FS 19.7 +6 1.2|0.5 21.3+ 0.9/0.5 15.5+ 0.6/2.1 17.0+ 0.8/0.2 12.3+ 15.4+
8.4 2.5 3.3 1.1 3.4
2D mean PF FM|FS 3.24+05 1|2.5 3.6 £0.9 0.9]2.3 2.9 +£05 0.9 3.0 0.4 0.9[1.3 29 +0.7 3.2+ 0.5
CV 2D PF [%] FM|FS 38 +23 1.9|7.4 38 +11 1.4/2.3 45 + 65 1.7|72.4 30 +£11 1|2 116 + 206 54 £ 57

Table 7
Results from the SRuCT and histomorphometrical analysis of the ex vivo data related to the bone and screw and bone interaction (mean + standard deviation)
4weeks 8Bweeks 12weeks
Mg-5Gd Mg- PEEK Ti Mg-5Gd Mg- PEEK Ti Mg-5Gd Mg- PEEK Ti
10Gd 10Gd 10Gd
3D BIC [%] 25.0 & 36.0 + FEE88 BTF 49.2 + 48.0 + 19,5455 5734+ 7t e 543 + 27.2.4+'5.8 51k
7.7 13.0 15.0 6.3 7.8 115 10.4 6.5 14.9
2D BIC mean 25.8 + 36.7 + 7.2+ 36 36.4 + 50 +£5.9 49.1 + 26.4 +18 56.7 + 54 + 5566 347 + 513
[%)] 6.9 13.4 14.3 79 12.6 B e 22.5 14.6
CV BIC [%] 523 & 421 = 106.0 = 59.3 & 38.0 = 344 = 162.3 &+ 372+ 29.5 & 268 = 1403 = 46.5 =
20.9 10.8 36.1 1z 171 i3 200.6 12.3 5.2 5.2 119.7 14.4
BV/TV [%] - 235+ 259 & 33.5+6.9 523 &+ 40.5 &= 38.0 = 45.5 £ 6.6 59.1 + 49.5 & 5154 59.1 £ 4.6 55.0 =
100 pm 4.3 10.1 7.9 4.2 4.5 4.6 5.4 5.8 6.9
BV/TV [%] - 23.6 251 = 36577 48.8 + 36.5 = 349 + 42.8 £5.8 513 = 45.2 + 47.6 = 49.4 £57 49.1 =
200 pm 3.9 8.5 104 4.3 5.0 4.6 4.3 6.2 7.7
BV/TV [%] - 24.8 & 26.3 = 38.3+7.8 47.3 + 359+ 346 + 41.3 £5.7 47.5 + 44.4 + 46.7 + 475+ 54 46.2 +
300 pm 4.0 8.2 10.9 4.5 5.0 4.3 3.4 6.3 7.8
CV BV/TV -200 60.8 + 59.0 + 98.2 + 545+ 48.0 + 43.6 + 1712 4 45.1 + 36.3 + 393+ 2401 + 55.7 +
pm [%] 6.7 7.7 54.1 9.3 11.0 12.7 201.2 13.7 7.0 7.0 299.6 11.1
2D BIC(h) [%] 52.8 & 60.5 £ 17.5 & 44.7 & 73.0 = 70,6 = 26,1 & 69.7 & 71.6 & 748 = 27.8 & 74.0 =
13.2 5.6 15.1 16.8 9.0 10.3 12.8 16.8 111 8.6 155 5.7
2D BA(h) [%] - 49.8 & 58.6 & 52.6 & 61.9 & 53.5 % 59.6 & 68 1+ 8.2 67.6 = 559+ 9 58,5 & 68.3 = 69.8 &
100 pm 12 7.7 12.8 11.9 7.9 9.3 10.1 221 14.6 6.7
2D BA(h) [%] - 43.7 + 55.9 &+ = R = 56.6 & 50.2 & 537 L 67.0 & 63.1 & 53.0 & 54.2 & 63.1 = 65.6 =
200 pm 11.2 8.2 11.6 12.2 6.0 13.2 12.4 11.5 9.4 19.0 14.0 91
TRAP at 200 pym 0.7 +0.4 0.1+0.1 0.1 £0.0 0:34-0.1 0.0+0.0 0.0 0.0 0.0 £0.0 0.1+0.1 0.1+0.2 01+0.1 01+01 0.0 0.0

[%]
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Results of different degradation parameters (mean + standard deviation) of Mg-5Gd and Mg-10Gd screw implants obtained from the in
vitro experiments, published in Ref. [18] and used for the comparison with the ex vivo results from this study

4weeks 8weeks

Mg-5Gd Mg-10Gd Mg-5Gd Mg-10Gd
DR [mm/year] 0.31 £ 0.02 0.22 + 0.04 0.24 £ 0.01 0.15 £ 0.03
3D PF 15.8 +11.8 23.8 + 154 25.1+1.2 209 £13.3
2D mean PF 3.1+02 3.9 £ 0.4 3.3+0.0 3.3+0.3
CV 2D PF [ %] 20.2 + 3.1 26.7 + 4.7 26.7 + 0.9 28.7 £ 5.6
CV dif. layer [%] 20.2 + 3.1 26.7 + 4.7 35.3+1.5 21.6 + 6.0

Fig. 10. Cross sections of SRUCT scans of implants after 12 weeks in vivo degradation;db = degradation layer in bone, nmb = non-mineralized bone (newly formed
bone)d = degradation layer; ibg = implant bone gap; (A) Mg-5Gd, (B) PEEK, (C) Ti; The image contrast was adjusted for better visualization, which results in the
different grey level appearances of the bone in the images.
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Appendix B

Results Tables to all Analysis Parameters

Table 1: Degradation rates (DR) [mm/a], «-MEM or DMEM +10%FBS+1% pen/strep, weight loss (WL),

volume loss (VL)

Exp. '““:":::'““ Mg-5Gd Mg-10Gd Solution | Samples
DRwi|mm/a] DRyi|mm/a] | DRwi/DRyr. | DRwi|mm/a] DRy |mm/a] | DRwi/DRv
1 0.45 0.42 1.07 0.44 0.47 0.94 a-MEM | different
3 0.50 0.58 0.86 0.32 0.51 0.63 a-MEM | different
i 6 0.57 0.35 1.63 0.24 0.46 0.52 a-MEM | different
7 0.48 0.49 0.98 0.40 0.26 1.54 a-MEM | different
9 0.35 0.31 113 0.29 0.24 1.21 a-MEM | different
7j 0.36 0.39+0.03 0.92 0.07 0.4220.05 0.17 a-MEM | different
- 14 0.18 0.4240.05 0.43 0.10 0.30:0.01 033 a-MEM | different
21 0.31 0.28:0.05 111 0.18 0.2420.02 0.75 «-MEM | different
28 0.20 0.3120.02 0.65 0.17 0.2240.04 0.77 a-MEM | different
" 28 025:0.02  032:0.03 | 059:0.11 | 025:006  0340.10 | 0.7320.04 | DMEM | identical
56 0.16:0.01 024:0.01 | 0.66:0.01 | 0.12:0.02 0.15:0.03 | 0.84:025 | DMEM | identical
Table 2: All data to graphs
1 weeks 2 weeks 3 weeks 4 weeks 8 weeks
Mg-5Gd__Mg-10Gd__Mg-5Gd__Mg-10Gd__ Mg-5Gd__Mg-10Gd__Mg-5Gd_Mg-10Gd__Mg-5Gd__Mg-10Gd
DR [mmyear]  0.39:0.03 042005 042005 0.30:0.01 028+0.05 024002 0313002 _0.22:0.04 0242001 _0.15:0.03
MDD [pm] 7.5+0.5 8.1x1 16+1.5 11+0.2 16+3.1 14+1.3 24+1.6 17+3.1 37+1 234
3D-PF 21.4:6.6 _31.5:168 13456  35.089.1  27.4:23.9 162438 I58:11.8 2385154 251512  20.9:13.3
2D-mean PF__ 4.0-02 _ 4.6:0.1  3.4:04 5.1 43:1.4 46502 3.1:02 _ 39:04  33:00 _ 3.3:03
CV 2D PF | %] 31.5:99 34.0:00 195:39 29.6:3.7 20.0:56 28.2:0.8 20.2:3.1  26.7+47 267+0.9 28.7%5.6
c"‘:‘;;;"“ 4402  7.6:28 105:0.1 86:14 117521  89:15  202:3.1  267:47  353:15 216260
Amount of
slices, where it
isnotpossible  05:0.1  LI1:l.1  07¢0.1 32410 07:04  15:1.5 18205 1602  40:0 18413
to calculate PF
%]
Crestslroots | .5 1202  18:02 14502 17:02 15802  2.1:05 14203  16:01  1.7:0.1

dif. Layer
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Table 3: Resuls (mean # standard deviation) from SRUCT analysis of the ex vivo data and the comparison
factor between the ex vivo and in vitro analysis — parameters related to the screw (FM=factor mean, which
is the ratio between the mean ex vivo value and mean in vitro value; FS=factor standard deviation, which is

the ratio between the standard deviation ex vivo and standard deviation in vitro value)

4weeks 8weeks 12weeks
Mg-5Gd Mg-10Gd Mg-5Gd Mg-10Gd Mg-5Gd ~ Mg-10Gd

DR [mma”] | FMIFS | 0.63+ 218 0.62+ 2.8/6 0.37+ 1.5/5 039+ | 2.6)2.7 0.34+ 0.26+
0.16 0.24 0.05 0.08 0.05 0.07

MDD [pm| FM|FS | 483+ 2(7.5 473+ 2.8/6 56.7+ 1.59.2 60.6+ | 2.6/3.0 717.3+ 59.1+
12 18.3 83 12.0 12.0 15.9

CVvolume | FM|FS | 79.0+8 | 3925 | 92.1+ | 34J5.1 | 69.5+ 213.6 854+ | 4.6 74.4+ 78.9+
loss [%] 239 54 15.3 10.9 8.4

3D PF FMIFS | 19.746 | 1.2/0.5 21.3+ | 0.9/0.5 15.5+ 0.6/2.1 17.0+ | 0.8/0.2 12.3+ 15.4+
8.4 25 33 1.1 34

2D mean PF | FMJ|FS | 3.120.5 112.5 3.6+0.9 | 0.92.3 | 2.9+0.5 0.9 3.0£0.4 | 09]1.3 2.9+0.7 3.240.5

CV 2D PF FMIFS | 38423 | 1.9/7.4 | 38«11 1.42.3 | 4565 | 1.7]72.4 | 30«11 112 116+ 5457

[%] 206

Table 4: Results from the SRUCT and histomorphometrical analysis of the ex vivo data
related to the bone and screw and bone interaction

4weeks 8weeks 12weeks
Mg-5Gd Mg-10Gd PEEK Titan | Mg-5Gd Mg-10Gd PEEK Titan | Mg-5Gd Mg-10Gd PEEK  Titan
3D BIC 37.7% 1955 573+ SLIZ
2 I 2
ol | 250477 3608130 7.5:38 LT |492:63 480s78  UTT T | 5305104 543265 27.2:58 g
2D BIC -
mean 25.8+6.9 36.7£13.4 7.2+3.6 36.4+ 50+5.9  49.1£7.9 264+ BS6E 54+11.1 55+6.6 34.7+£22.5 Pl
5 143 18 126 14.6
CV BIC 106.0=  59.3= | 38.0= 1623: 372+ N 1403 46.5%
oo | 23209 azastos 900 SRAE| RO aaamy TS OTEE | 29sis2 aemesa B A0S
BV/TV
[%]- | 23.5:43 2594101 335469 2% |405:42 380:45 33 0| 49554 515i58 so.1s46 OO0F
7.9 66 46 6.9
100pm
BV/TV .
[%]- | 236:39 25.1585 36.5:77 8E 305,43 349i50 428 SII N o543 476062 494157 A1E
10.4 58 46 77
200pum
BV/TV .
[%]- | 248:40 263:82 383278 3 |350:45 3650 3E AT 4434 467463 475154 0
109 57 43 7.8
300pum
cv
BV/TV - 982+  54.5% | 48.0+ 1712+ 45.1% 2401+ 557+
200pm | 608567 $90:77 UAF CgRE | YU ez GOt TREE L s63:70 39310 ol
%]
o 17.5¢ 447+ 261+ 69.7+ 74.0+
BIC) | 5284132 605556 'TF 4TE930.00 7064103 0L O | 160011 7agese 2780155 TE
o 51 168 128 168 5.7
2D BA(h) N 515+  56.6% ] 67.0+  63.1+ . N 65.6+
[%] 43.7£11.2 55.948.2 116 122 50.2+6.0 53.7+13.2 12.4 1.5 53.0£9.4  542+£19.0 63.1£14.0 9.1
TRAP at
300um | 07504 01200  0.1:00 %3* 00200 00200 %% 01201 01202 01201 0101 %%
o 0.1 0.0 0.0
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Table 5: Strength and direction of the linear correlation between the
investigated parameters

Pl P2 Mg-5Gd Mg-10Gd PEEK Ti
3D BIC[%] DR [mm a'] ?ﬁioﬁoﬁﬁ ?;30303‘;
3D BIC[%] 3D PF [a.u] ( ;‘;6%223} (E;(;%gf”
DR [mm a’'] 3D PF [a.u.] (;:09 ;‘1752) (:;6?3152)
3D PF Ja.u] 3D BV/TV [%] (“;26_‘86?2 (;';6%36;}
3D BIC |%] 3D BV/TV %] (f;f[‘]%gg) (“:302076") (h:j(:).gg;) (p':.fgl)
mewry  wmors S e ha s
wawpa mapgfom Ebs o New o e
T S

Table legend: P1 and P2: parameters correlated; VS=very strong, MS=moderately strong, F=fair,
P=poor; value: correlation coefficient; p-value: significance of the correlation; 3D BV/TV and BA values
are those in ROI2, 200pm. The p-values represent the probability that the correlation between
investigated parameters by chance.

Table 6: P-values; *DR (p<0.05); OMDD (p<0.05); +CV volume loss (p<0.05);
03D PF (p<0.05); 2D mean PF (p<0.05: no significant differences at all); Cv
PF (p<0.05: no significant differencesat all); V 3D BIC (p<0.005); oCV BIC
(p<0.05); ®BV/TV 200 pum (p<0.001)

Mg-5Gd Mg-10Gd PEEK Titan
4|8|I2 4|R|l3 4|K|12 4|3I2
4
Mg-5Gd 8 *
12 | *0ove
4 i *e
Mg-10Gd | 8 | *v
12 | *ve .
4
PEEK 8 . vo v .
12 Ve .
4 . .
Ti 8 . . /e | @ .
12 Ve .
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Appendix C

Detailed Results of Influence of Different Image Processing Methods on
the Analysis Parameters

DR [mm/a] 3D PF [u.a) 30 BIC [%] BY/TV [%]

1 nosmoath 0.40 0.17 10.91 34.79 71.35 23.33 46.04 46.78

4
5
2

3 smooth3dwith3_smooth3dwith5 0.05 89.16 62.62 23.00

&
&
g

5 smoothallsliceslongwith5 0.40 017 10.90 34,46 64.49 22,44

&
b
&
2

7 grow3donce 0.42 10.50

9 grow3dtwice 0.44

11 growallsliceslongonce 0.41 10.65 67.21

&
8

I
growallsliceslongtwice . 10.47 65.78
.

&
&

bone_growallsliceslongonce 27.20

&
£

bone_growvolume3donce 32.86 46.12

lices! _ET 2171 46.81
liceslongonce

21 bone_shrinkallsliceslongtwice

°I UI

bone_shrinkvolume3dtwice

Standard Deviation 0.11 0.00 0.87 0.21 2.25 12.04 0.24 4.49
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Appendix D

Poor nCT Quality Images of Long Time In Vitro Immersion Tests on Mg-
5Gd, Mg-10Gd and Pure Mg Pins and Screws

Ma-bGd Pure
0 days 12 days 23 days 0 days 12 days 23 days
| .
Mg-5Gd Mag-10Gd
0 days 12 day's 23 days
Screw

FIGURE D.1: Exemplary cross sectional and longitudinal slices from
3D SRuCT images of Mg-5Gd, Mg-10Gd and pure Mg pins and
screws. The scale bar corresponds to 500 pm. The poor image quality
made it impossible to do any qualitative or quantitative analysis on
the current data.
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Appendix E

Segmentation Workflows

Following are described the step-by-step instructions for the segmentation of the
ex vivo data. As "reference screw" is meant the screw, which is used for the right
orientation of the ex vivo data.

E.1 Segmentation Workflow of "not corroded screw"

1. Segmentation, registration and resampling of not corroded screw
All the following steps described for segmentation of the not corroded screw
are schematically shown in figure 3.3.

(@) Import reference screw into Avizo with pixelsize 5x5x5 ym and
1200x1200x1000 pixel. Load the complete volume into the memory.

(b) Import preimplantation screw (PS=preimplantation screw) (figure 3.2 A1)
in Fiji. Segment preimplantation screw via thresholding in Fiji. At the
end of the thresholding the screw should be white with value 255 and
the background black with value 0. Save the segmented preimplantation
screw (SPS) as image sequence.

(c) Import the SPS into Avizo.

(d) To make the reference and SPS visible right click on the reference data,
find Isosurface and apply it.

(e) Register ("Register images”) SPS on the reference screw by
i. Click on align principal axis (“aligning”=matching the 2 screws in
vertical direction) with rigid registration.

ii. If the “Align principal axis” is not successful, align by hand (too pre-
cise alignment is not necessary).

iii. Click “Apply”.
2. Resample the SPS on reference screw by “Resample transformed image”.

3. Resize the voxel size of resampled SPS from 5 to 4.85. (in "crop editor"). This
step is done because the preimplantation screws are imaged with Nanotom,
which has a different calibration of the voxels compared to the synchtron CTs.

4. Afterwards again resample the resampled SPS on the reference screw. Export
the result as 2D tiff (figure 3.2 A3).

5. Import the corresponding explant into Fiji. Crop the data as much as possible
without losing information and save as image sequence.
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10.
11.

12.

13.

14.

15.

16.

17.

E.2

. Convert the latter into 8-bit, filter either with “mean3D” or with "median3d”

filter (voxel size 4x4x4) depending on the data quality. Save as image sequence

(_tiff).

. Import the filtered, 8-bit converted ex vivo image sequence into Avizo.

. Roughly segment the not corroded screw, which is the corroded residual

screw with the corrosion layer. For this rough segmentation use watershed.
Hint: first mark only 3-4 slices with just 2 materials: “screw” and “back-
ground+bone”. Check for "Side-by-side" to be on and create a new labelfield
and create a gradient image when applying the segmentation.

. Check if the segmentation is sufficient enough. If not, roughly segment more

slices and aaply the watershed segmentation again.
Import also the non-filtered ex vivo dataset into Avizo (figure 3.2 B1).

Connect the roughly segmented screw (label) obtained from watershed seg-
mentation to the original dataset.

Register the label, which is now attached to the non-filtered original ex vivo
data set on the resampled SPS.

To check if the registration went well apply "Volume Rendering" on the non-
filtered original ex vivo data. Attach the "Orto Slice to resampled SPS (with
Isosurface and Volume Rendering ON). To cut the data set into parts use "Clip"
and switch the ortho slice off.

Import the as 2D-tiff exported resampled SPS into Avizo again. Convert to a
8-bit label (unclick "clean labels").

Attach the label of the registered SPS to the registered, resampled, non-filtered,
original dataset.

Manually clean up the mistakes, where the resampled SPS doesn’t match to the
borders of the non-corroded screw from the original data. You are free to use
"grow", "smooth", "add", "subtract", etc. When the result is satisfying export
the label as 2D tiff.

Import the exported resampled non-filtered original data into Fiji. Also import
the result from previous step, the non-corroded screw, into Fiji. The screw
should have the value 1, background and the bone should be 0. Eliminate the
bone and the background by multiplying this both data sets. Save the result
as image sequence. This non-corroded screw is being called "screw" in the
workflow chart (figure 3.2 B3.1).

Segmentation Workflow of "corroded screw"

. Segmentation, registration and resampling of corroded screw

All the following steps describe the segmentation of the corroded screw. The
flowchart is shown in figure 3.4.

(a) Import the dataset “screw” into Avizo (figure 3.2 B3.1).



E.3. Segmentation Workflow of "bone" 125

(b) Perform watershed segmentation of the residual screw. Hereby cre-
ate 2 materials: “residual” and “corrosion”. Mark inside the residual
screw every 50 slice and add to “residual”, than mark the corrosion
layer+background on the same slices. The marking of different labels can
be performed very roughly.

(c) If you are happy with the result of the watershed save result as 2D
tiff “residual_screw”. If not happy with the result perform some addi-
tional manual segmentation/cleaning and than save as 2D .tiff “residual
_screw” (figure 3.2 B3.2).

(d) In addition you might auto-threshold the corrosion layer in Fiji with the
aim to remove the background from the corrosion layer.

E.3 Segmentation Workflow of "bone"

1. Segmentation, registration and resampling of bone
All the following steps are described for segmentation of the bone. The
schematics of the workflow is shown in figure 3.5.

(a) Import the dataset “screw” into Fiji. Use mathematical operations to gain
image stack with value 0 for screw and 1 for bone+background.

(b) Import the registered, resampled, non-filtered original data into Fiji.
(c) Multiply result from step 1 with step 2.

(d) Perform automatic thresholding on the result from step 3. Save as 2D .tiff
(figure 3.2 B3.3).
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Fiji Script for the Conversion of the 3D Difference Layer of Mg-xGd Im-
plant M2 Implant Screws to 2D Difference Layer



list=getList("window.titles");
for(i=0; i<list.length; i++){
winame=list[i];
selectWindow(winame);
run("Close");}

run("Close All");
if (isOpen("Log"){
selectWindow("Log");

run("Close");} //close the log datei
if (isOpen("Results")){
selectWindow("Results");

run("Clear Results");} //close the results date

close("All");
run("Close All");

Dialog.create("All needed information for starting the analysis. Change all if neccessary!");
Dialog.addNumber("pixelsize in mm: x", 0.005);

Dialog.addNumber("pixelsize in mm: y", 0.005);

Dialog.addNumber("pixelsize in mm: z", 0.005);

Dialog.addNumber("Start of the data, which will be analysed (data saved in the excell table/.txt
file", 1);

Dialog.addNumber("End of the data, which will be analysed (data saved in the excell table/.txt file",
3);

Dialog.addString("Pfad of the .txt datei (allowed amount of characters: 300)",
"/asap3/petra3/gpfs/p05/2016/data/11001978/processed/Diana/invitroanalysis/
invitroanalysis_weeks/invitroanalysis_weeks_screwwithoutslit.txt", 150);

Dialog.show();

x_pixelsize = Dialog.getNumber();
y_pixelsize = Dialog.getNumber();
z_pixelsize = Dialog.getNumber();
start =Dialog.getNumber();

end = Dialog.getNumber();
pfad=Dialog.getString();

print("x_pixelsize (in mm) ="+x_pixelsize);

print("y_pixelsize (in mm) ="+y_pixelsize);

print("z_pixelsize (in mm) ="+z_pixelsize);

print("Start of the data, which will be analysed (data saved in the excell table/.txt file="+start);
print("End of the data, which will be analysed (data saved in the excell table/.txt file="+end);
print(pfad);

voxelsize=x_pixelsize*y_pixelsize*z_pixelsize;

filestring = File.openAsString(pfad);



rows = split(filestring, "\n");

id= newArray(rows.length);
openPfad= newArray(rows.length);
generalPfad = newArray(rows.length);
duration = newArray(rows.length);
alloy= newArray(rows.length);
hauptPfad= newArray(rows.length);
surface=newArray(rows.length);
volume=newArray(rows.length);
foldername=newArray(rows.length);

for(u=start; u<end; u++){
1J.log("Processing_file_" + u+"_of_"+end-1+";");
corRate3D_nn=1;
columns=split(rows[u],"\t");
id[u]= columns[0];
nameSample= id[u];
name_sample= id[u];
openPfad[u]=columns[1];
generalPfad[u]= columns[2];
duration[u]= columns[3];
timepoint=duration[u]; //saved for the later naming of the last datei!
alloy[u]=columns[4];
legierung=alloy[ul];
hauptPfad[u]=columns[5];
surface[u]=columns[6];
surface_avizo=surface[u];
volume[u]=columns[7];
volume_avizo=volume[u];
foldername[u]=columns[8];
folder name=foldername[u];
inputCorrodedCropped=openPfad[u]+"/corroded/corroded0000.tif";
//inputNotCorrodedCropped=openPfad[u]+"/preimplant/preimplant0000.tif";
inputNotCorrodedCroppedExplant=openPfad[u]+"/notCorroded/notCorroded0000.tif";
inputdifference=openPfad[u]+"/difference/difference000.tif";
//inputBone=openPfad[u]+"/bone.am";

//inputNotCorrodedOriginal=generalPfad[u]+"/notcorroded_original/notcorroded_original0000.tif";
savingPfad=generalPfad[u];
savingHauptPfad=hauptPfad[u];
mdd_oneSample=newArray;
print(inputNotCorrodedCroppedExplant);
//print(inputCorrodedCropped);

T FOPEN NOTCORRODED///1111TTTH11TTTTTTT11111TTT]



checkreadyness=getBoolean("are u ready to analyse this sample? YOUR FULL ATTENTION
WILL BE NEEDED NOW!);
if (checkreadyness==1) {

opennotcorrodedresliced=generalPfad[u]+"/resliced_sum_notCorroded/"+name_sample+".tif";
run("Image Sequence...", "open=opennotcorrodedresliced sort");
print(opennotcorrodedresliced);

run("Select None");

//getSelectionCoordinates(X, z);

/1x=x[0];

x=300;

y=getHeight();

width=getWidth();

makeRectangle(0, 0, width, y);

run("'Measure");

areaimage=getResult("Area",0);

run("Clear Results");

print("areaimage="+areaimage);

makePolygon(x, 0, x-80,y, x-35, v, x+45,0);

checkpolygon=getBoolean("do u think the polygon covers one thread of the screw?");

if (checkpolygon==1) {

print("the given polygon with the coordinates BLA is ok. I am not going to change the coordinates -
> click 'yes™);

}

else {

checkreadytodothepolygon=getBoolean("are u ready to move the polygon NOW? After you click
"Yes', you just have 4000 ms to do so... please think of chosing the right thread before clicking 'yes
");

if (checkreadytodothepolygon==1) {

A\l

print("the given polygon was not ok and i am going to move the polygon change the coordinates.
see log. datei for the coordinates ");

print("please move the polygon in such a way, that it covers one thread...");

wait(4000);

getSelectionCoordinates(xpoints, ypoints);

Array.print(xpoints);

x=xpoints[0];

makePolygon(x, 0, x-80,y, x-35, v, x+45,0);

checkpolygon2=getBoolean("do u think the polygon covers NOW one thread of the screw?");

if (checkpolygon2==1) {

print("the given polygon with the coordinates BLA is ok. I am not going to change the coordinates -
> click 'yes™);

x1=x-40;
print("x1="+x1);



x2=x1-40;
print("x2="+x2);
while (x2>0) {
x2=x2-80;
print("x2="+x2);
}

makePolygon(0, 0, 0.y,

mwon

run("Clear", "slice");

x3=x2+40;
print("x3="+x3);
makePolygon(x3, 0,

mon

run("Clear", "slice");

x3-80,y,

wait(1000);
makePolygon(x3, 0,

mon

run("Clear", "slice");

x3-80,y,

while (x3<width) {
x3=x3+80;

wait(1000);
makePolygon(x3, 0,

run("Clear", "slice");

}

}
}

run("Select None");
run("Clear Results");

x3-80,y,

x2-35, y, x2+45,0);
x3-35, y, x3+45,0);
x3-35, y, x3+45,0);
x3-35, , x3+45,0);

H1111HIGETTING HISTOGRAM OF NOT CORRODED//H11111HHHT1HHTTH1HTTT1HHTT111111T1]
getStatistics(area, mean, min, max, std, histogram);

if (bitDepth==8 || bitDepth==24) {
for (i=0; i<histogram.length; i++) {
setResult("Value", i, i);
setResult("Count", i, histogram[i]);
}
} else {
value = min;
binWidth = (max-min)/255;
for (i=0; i<histogram.length; i++) {
setResult("Count", i, histogram[i]);
}

}
updateResults();



removedpixels=getResult("Count",0);
pixelanalysedhills=(width*y)-removedpixels;
print("removedpixels="+removedpixels);
print("pixelanalysedhills="+pixelanalysedhills);
IO PEN DIEFERENCE///111111111111111111111111111
opendifferenceresliced=generalPfad[u]+"/resliced_sum_difference/"+name_sample+".tif";
run("Image Sequence...", "open=opendifferenceresliced sort");
run("Select None");
imageCalculator("Multiply", "resliced_sum_notCorroded","resliced_sum_difference");
selectWindow("'resliced_sum_difference");
close();
selectWindow("resliced_sum_notCorroded");
run("Select None");
rename("hills");
11nnIGETTING HISTOGRAMY/THTTTTTTTTTTTTTTTTTTIIIIIIIIIIIIIII
getStatistics(area, mean, min, max, std, histogram);
if (bitDepth==8 || bitDepth==24) {
for (i=0; i<histogram.length; i++) {
setResult("Value", i, i);
setResult("Count", i, histogram[i]);
}
} else {
value = min;
binWidth = (max-min)/255;
for (i=0; i<histogram.length; i++) {
setResult("Value", i, i);
setResult("Count", i, histogram[i]);
}
}
updateResults();
differencevalueshill=0;
for (i =1;1i<=255; i++) {
counts=getResult("Count",i);
if (counts>0) {
differencevalueshill=differencevalueshill+(counts*getResult(" Value",i));
}
}
run("Clear Results");
run("Close All");

}

print("differencevalueshill="+differencevalueshill);
differencevalueshillnormed=differencevalueshill/pixelanalysedhills;

M TTTTTOPEN NOTCORRODED///111T1TTTHTHTTTTTTTTT111TTT]

opennotcorrodedresliced=generalPfad[u]+"/resliced_sum_notCorroded/"+name_sample+".tif";

mwon

run("Image Sequence...", "open=opennotcorrodedresliced sort");



print(opennotcorrodedresliced);
run("Select None");
//getSelectionCoordinates(X, z);
/1x=x[0];

x1=x-40;
print("x1="+x1);
x2=x1-40;
print("x2="+x2);
while (x2>0) {
x2=x2-80;
print("x2="+x2);
}

makePolygon(0, 0, 0.y,

mon

run("Clear", "slice");

x3=x2;
print("x3="+x3);
makePolygon(x3, 0, x3-80,y,

mon

run("Clear", "slice");

wait(1000);
makePolygon(x3, 0, x3-80,y,

men

run("Clear", "slice");

while (x3<width) {
x3=x3+80;

wait(1000);
makePolygon(x3, 0, x3-80,y,

mon

run("Clear", "slice");

}

x2-35, vy,

x3-35, ,

x3-35, Y,

x3-35, ,

x2+45,0);

x3+45,0);

x3+45,0);

x3+45,0);

111111HIGETTING HISTOGRAM OF NOT CORRODED//1111111HHHT1HHTTT1HHT1THTT11T1111T1]
getStatistics(area, mean, min, max, std, histogram);

if (bitDepth==8 || bitDepth==24) {
for (i=0; i<histogram.length; i++) {
setResult("Value", i, i);
setResult("Count", i, histogram[i]);
}
} else {
value = min;
binWidth = (max-min)/255;
for (i=0; i<histogram.length; i++) {
setResult("Count", i, histogram[i]);



}

}
updateResults();
removedpixels=getResult("Count",0);
print("removedpixels="+removedpixels);
pixelanalyseddales=(width*y)-removedpixels;
print("pixelanalyseddales="+pixelanalyseddales);
run("Clear Results");
T/ OPEN DIEFERENCE///111111111111111111111111111111
opendifferenceresliced=generalPfad[u]+"/resliced_sum_difference/"+name_sample+".tif";
run("Image Sequence...", "open=opendifferenceresliced sort");
run("Select None");
imageCalculator("Multiply", "resliced_sum_notCorroded", "resliced_sum_difference");
selectWindow("'resliced_sum_difference");
close();
selectWindow("resliced_sum_notCorroded");
run("Select None");
rename("dales");
H11HHIGETTING HISTOGRAMY/HTTTTTTTTTTTTTTTTTTITTITTTTTITINIIITT
getStatistics(area, mean, min, max, std, histogram);
if (bitDepth==8 || bitDepth==24) {
for (i=0; i<histogram.length; i++) {
setResult("Value", i, i);
setResult("Count", i, histogram[i]);
}
} else {
value = min;
binWidth = (max-min)/255;
for (i=0; i<histogram.length; i++) {
setResult("Value", i, i);
setResult("Count", i, histogram[i]);
}

}
updateResults();

differencevaluesdale=0;

for (i =1;1i <= 255; i++) {
counts=getResult("Count",i);
if (counts>0) {
differencevaluesdale=differencevaluesdale+(counts*getResult("Value",i));
}

}

differencevaluesdalenormed=differencevaluesdale/pixelanalyseddales;

/I run("Close All");

print("differencevalueshill="+differencevalueshill);
print("differencevaluesdale="+differencevaluesdale);
differencevaluesratio=differencevalueshillnormed/differencevaluesdalenormed;
print("differencevaluesratio="+differencevaluesratio);

}



if (isOpen("Log"){
selectWindow("Log");

saveAs(savingHauptPfad+"/Log_"+nameSample+timepoint+"days_"+legierung+"_hillsdales.txt");
if (isOpen("Log_"+nameSample+timepoint+"days_"+legierung+"_hillsdales.txt")){
selectWindow("Log_"+nameSample+timepoint+"days_"+legierung+"_hillsdales.txt");
run("Close");} //close the log datei

}; //end of all calculations for one data set

run("Close All");
run("Clear Results");
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Appendix G

Workflow of the Sample Holder Preparation

The modified workflow of the sample holder preparation for the push-out experi-
ments is described in the the following:

1. Export reconstruction as 16-bit Tiff files onto a distinct file folder
2. Import tif files into Image], crop to ROI and convert to 8-bit .raw file

3. If necessary to achieve better contrast between the bone and the implant filter
the data.

4. Segment screw in one label field
5. Segment whole bone explant + screw into second label field

6. Import segmented bone+screw and screw into Avizo — enter voxel size (from
per file)

7. Import reference screw 1000x1000x917 \asap3.desy.de\ petra3-
core\p05\2016\data\11001978\processed \SegmentationWorkflow  \refer-
encescrew \reference\1200x1200x1000\ pixelsize5x5x5 with 0.005x0.005x0.005
voxel size

8. Align label with screw only with reference screw using “Register Images”
module

9. Transform the bone+screw to same position as the registered screw (via copy-
ing the positions of the registered screw to the positions of the bone+screw)

10. Import holder bottom “\ \asap3.desy.de\petra3-core\p05\2016\data\
11001978\ processed\SynchroLoad \ Holders\ holder\bottom\ holder\bottom.tif”,
voxel size 0.01132

11. Transform holder bottom by -7.49, -7.49 and z (minimum by -7.49), rotate
holder by 180 on x-axis

12. Import Holder “\ \asap3.desy.de\petra3-core\p05\2016\data\11001978
\processed\SynchroLoad\Holders\ holder\top\holder\top.tif”, voxel size
0.01132

13. Transform holder bottom by -7.49, -7.49 and z (according to the height of the
holder bottom), rotate holder by 180 on x-axis

14. Resample transformed bone+screw on the holder bottom

15. Resample transformed bone+screw on the holder top
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Appendix G. Workflow of the Sample Holder Preparation

16.

17.

18.
19.
20.

21.

22.
23.

24.

25.

26.
27.
28.

29.

Morphological operations: Closing operation, cube, 2px, XY planes on the re-
sults from Step14

Morphological operations: Closing operation, cube, 2px, XY planes on the re-
sults from Step15

Export dataset from Step16 as .tif (2D)
Export dataset from Step17 as .tif (2D)

Open macro "\ \asap3.desy.de\petra3-core\p05\2016\data\ 11001978\ processed
\SynchroLoad \holder\macros\step20\ top.ijjm" in Fiji(Image]) and run on the
top result from Step 18.

Openmacro "\ \asap3.desy.de\petra3-core\p05\2016\data\11001978\ processed
\SynchroLoad \holder\macros\step20\bottom.ijjm" in Fiji(Image]) and run on
the bottom result from Step 19.

Adapt names in design'\ holder.pro for top holder and run for top holder

Adapt names in design\holder.pro for bottom holder and run for bottom
holder

Openmacro "\ \asap3.desy.de\petra3-core\p05\2016\data\11001978\ processed
\SynchroLoad \holder\macros\step24\top.ijjm" in FijiImage]) and run on the
top result from Step 22.

Openmacro"\ \asap3.desy.de\petra3-core\p05\2016\data\11001978\ processed
\SynchroLoad \ holder\macros\step24\24.ijm" in Fiji(Image]) and run on the
bottom result from Step 23.

Import into Avizo with voxel size 0.02264 top sample holder
Import into Avizo with voxel size 0.02264 bottom sample holder

Extract surfaces of top sample holder from isosurface and simplify (until
1000000 faces, via 50000 steps), export as .stl

Extract surfaces of bottom sample holder from isosurface and simplify (until
1000000 faces, via 50000 steps), export as .stl
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Appendix H

Customized Fiji-Scripts Used in the Sample Holder Preparation Workflow

In the following are the .ijjm macros for the preparation of the sample holders pre-
sented. Their operation is described in the appendix G.



Step 13: top
dir = getDirectory( "Choose the Directory" );

list = getFileList( dir );

openimagepath=dir+list[0];

print(dir);

print(list[0]);

run("Image Sequence...", "open=openimagepath sort");
//run("Reverse");

run("Make Binary", "method=Default background=Dark");
run("Invert LUT");

setSlice(10);

run("Erode", "stack");

run("Erode", "stack");

run("Erode", "stack");

run("Erode", "stack");

run("Erode", "stack");

run("Erode", "stack");

//run("Dilate", "stack");

//run("Dilate", "stack");

//run("Dilate", "stack");

//run("Dilate", "stack");

//run("Dilate", "stack");

//run("Dilate", "stack");

makeRectangle(108, 144, 1251, 1221);

run("Clear Outside", "stack");

run("Select None");

wait(5000);

Dialog.create("Seed point coordinates");
Dialog.addNumber("x:", 0);

Dialog.addNumber("y:", 0);

Dialog.addNumber("z:", 199);

Dialog.show();

x = Dialog.getNumber();

y = Dialog.getNumber();

z = Dialog.getNumber();

run("Connected Threshold Grower ...", "x=x y=y z=z min=100 max=260");
run("Erode", "stack");

rename("step13_2");

newdir = dir+"\..";
File.makeDirectory(newdir+"/step13_2_holdertop/");
savingpath=newdir+"/step13_2_holdertop/step13_2_holdertop.tif";
saveAs("Tiff", savingpath);

Step 13: bottom

dir = getDirectory( "Choose the Directory" );

list = getFileList( dir );

openimagepath=dir+list[0];

print(dir);

print(list[0]);

run("Image Sequence...", "open=openimagepath sort");




run("Make Binary", "method=Default background=Dark");
run("Invert LUT");

run("Erode", "stack");

run("Erode", "stack");

run("Erode", "stack");

run("Erode", "stack");

run("Erode", "stack");

run("Erode", "stack");

run("Erode", "stack");

makeRectangle(108, 144, 1251, 1221);

run("Clear Outside", "stack");

run("Select None");

setSlice(2);

wait(5000);

Dialog.create(""Seed point coordinates");
Dialog.addNumber("x:", 0);

Dialog.addNumber("y:", 0);

Dialog.addNumber("z:", 199);

Dialog.show();

x = Dialog.getNumber();

y = Dialog.getNumber();

z = Dialog.getNumber();

run("Connected Threshold Grower ...", "x=x y=y z=z min=100 max=300");
run("Erode", "stack");

rename("step13_2");

newdir = dir+"\..";
File.makeDirectory(newdir+"/step13_2_holderbottom/");
savingpath=newdir+"/step13_2_holderbottom/step13_2_holderbottom.tif";
saveAs("Tiff", savingpath);

Step 15: top
dir = getDirectory( "Choose the Directory" );

list = getFileList( dir );

openimagepath=dir+list[0];

print(dir);

print(list[0]);

run("Image Sequence...", "open=openimagepath sort");

setSlice(1);

run("Delete Slice");

run("Bin...", "x=2 y=2 z=2 bin=Min");

makeRectangle(102, 348, 31, 54);

run("Clear", "stack™);

run("Image Sequence...",
"open=/asap3/petra3/gpfs/p05/2016/data/11001978/processed/SynchroL.oad/Holders/
holders_archive/
CylinderForOrientierung_withHole_1500x1500x872_mitMarkierung_innerhole_2point25mm_onH
older_part2_binned2x2x2min/
CylinderForOrientierung_withHole_1500x1500x872_mitMarkierung_innerhole_2point25mm_onH
older_part20004.tif sort");



mon

run("Concatenate...", " title=[Concatenated Stacks] keep
image1=CylinderForOrientierung_withHole_1500x1500x872_mitMarkierung_innerhole_2point25
mm_onHolder_part2_binned2x2x2min image2=step14_holdertop image3=[-- None --]");
setSlice(nSlices);

run("Add Slice");

setSlice(nSlices-nSlices+1);

run("Add Slice");

setSlice(nSlices-nSlices+1);

run("Delete Slice");

rename("step15_holdertop™);

newdir = dir+"\..";
savingpath=newdir+"/step15_holdertop/step15_holdertop.tif";
File.makeDirectory(newdir+"/step15_holdertop/");

for (i = 1; i <nSlices+1; i++) {
selectWindow("step15_holdertop");

setSlice(i);

run("Duplicate...", " ");

saveAs("Tiff", savingpath+"step15_holdertop_"+i+".tif");
close();

}

close();

close();

close();

Step 15: bottom

dir = getDirectory( "Choose the Directory" );

list = getFileList( dir );

openimagepath=dir+list[0];

print(dir);

print(list[0]);

run("Image Sequence...", "open=openimagepath sort");
run("Bin...", "x=2 y=2 z=2 bin=Min");
setSlice(nSlices);

run("Add Slice");

setSlice(nSlices-nSlices+1);

run("Add Slice");

setSlice(nSlices-nSlices+1);

run("Delete Slice");

rename("step15_holderbottom");

newdir = dir+"\..";
savingpath=newdir+"/step15_holderbottom/step15_holderbottom.tif";
File.makeDirectory(newdir+"/step15_holderbottom/");
for (i = 1; i <nSlices+1; i++) {
selectWindow("step15_holderbottom");

setSlice(i);

run("Duplicate...", " ");

saveAs("Tiff", savingpath+"step15_holderbottom_"+i+".tif");
close();

}
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Appendix I

Fiji Script for the Analysis of In Vivo Degraded Mg-xGd, Ti and PEEK
Implants in Rats Bone

Current Fiji script has been written as a part of my PhD thesis. It is an analysis script
of tomographic data from synchrotron radiation micro-computed tomography sta-
tion at DESY (Hamburg, Germany). The ex vivo data from in vivo corroded Mg-xGd
implants in rats bone for 3 different time points (4, 8 and 12 weeks degradation) are
analyzed regarding the degradation rate and the pitting factor of the screw formed
implant. Additionally, implant’s integration into the bone is also analyzed via pa-
rameters like bone to implant contact area and bone volume density of the bone
surrounding the implant.

The script is published and can be found under https://zenodo.org/record/
6481319# . YmWD2JFBxPY.


https://zenodo.org/record/6481319#.YmWD2JFBxPY
https://zenodo.org/record/6481319#.YmWD2JFBxPY
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