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ABSTRACT

Extensive research is being conducted on magnesium (Mg) alloys for bone implant manufacturing, due to
their biocompatibility, biodegradability and mechanical properties. Gadolinium (Gd) is among the most
promising alloying elements for property control in Mg alloy implants; however, its toxicity is contro-
versial. Investigating Gd behavior during implant corrosion is thus of utmost importance. In this study,
we analyzed the degradation byproducts at the implant site of biodegradable Mg-5Gd and Mg-10Gd
implants after 12 weeks healing time, using a combination of different imaging techniques: histology,
energy-dispersive x-ray spectroscopy (EDX), x-ray microcomputed tomography (uCT) and neutron pCT.
The main finding has been that, at the healing time in exam, the corrosion appears to have involved
only the Mg component, which has been substituted by calcium and phosphorus, while the Gd remains
localized at the implant site. This was observed in 2D by means of EDX maps and extended to 3D with
a novel application of neutron tomography. X-ray fluorescence analysis of the main excretory organs also
did not reveal any measurable accumulation of Gd, further reinforcing the conclusion that very limited
or no removal at all of Gd-alloy happened during degradation.

Statement of significance

Gadolinium is among the most promising alloying elements for property control in biodegradable magne-
sium alloy implants, but its toxicity is controversial and its behavior during corrosion needs to be inves-
tigated. We combine 2D energy dispersive x-ray spectroscopy and 3D neutron and x-ray tomography to
image the degradation of magnesium-gadolinium implants after 12 weeks of healing time. We find that,
at the time in exam, the corrosion has involved only the magnesium component, while the gadolinium
remains localized at the implant site. X-ray fluorescence analysis of the main excretory organs also does
not reveal any measurable accumulation of Gd, further reinforcing the conclusion that very limited or no
removal at all of Gd-alloy has happened during degradation.
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1. Introduction

Magnesium (Mg) and its alloys are increasingly appealing
for bone implant manufacturing due to their biocompatibility,
biodegradability and mechanical properties [1]. Mg-based materi-
als have sufficient initial strength for the use in bone and degrade
in the body into well-tolerated byproducts. This avoids the need of
a second surgery for implant removal, which is especially desirable
for patients. However, the challenge is to tailor the degradation
such that it guarantees immediate fixation of the implants directly
after the surgery, and a relatively fast degradation after healing is
completed [2].

This can be controlled by adding alloying elements to pure Mg.
Gadolinium (Gd) is particularly suitable as an alloying element, im-
proving mechanical strength and corrosion resistance [3]. In addi-
tion, Gd is already used in medicine as a contrast agent for mag-
netic resonance. However, Gd toxicity is controversial [4] and in-
vestigating it is of utmost importance, before using it as implant
material in the human body.

As a free ion, gadolinium (Gd3+) is extremely toxic [5,6] and
has been shown to be an efficient calcium (Ca) antagonist [7]. In
the case of implant biodegradation, it is generally assumed that the
alloy will be rapidly and completely excreted from the body with-
out release of Gd ions. However, a recent study has shown some
accumulation of Gd in the organs (spleen, lungs, liver, and kid-
neys) after the placement of Mg-Gd pins in rats for 12 weeks [8].
Considering the similarity of Gd3+ to Ca2+, the maximum accu-
mulation of Gd could actually be in the bone structure itself; such
a phenomenon has been observed already in bone of human pa-
tients injected with Gd-based magnetic resonance contrast agents
[9]. Another recent study [10], based on SAXS analysis of Mg-Gd
implants, suggests instead that the Gd may remain incorporated in
newly formed apatite at the implant site. These contrasting find-
ings indicate the importance of investigating the elemental distri-
bution of the corrosion byproducts in the proximity of the implant
site.

Common elemental analysis techniques are x-ray fluorescence
analysis (XRF) and energy-dispersive x-ray spectroscopy (EDX),
which are both based on inducing emission of characteristic x-rays
from the sample. Both techniques enable the quantification of el-
emental composition to investigate the spatial distribution of el-
ements in life sciences. XRF has already been employed to show
Mg accumulation in the proximity of Mg-based bioresorbable im-
plants [11], as well as Gd deposition in the periodontal ligament of
mice injected with Gd-based contrast agents [12]. Furthermore, the
beneficial application of p- and nano-XRF as non-destructive an-
alytical tool has been demonstrated for biodegradable Mg- based
implants in bone and an accumulation of constituents like yttrium
has been shown [13,14]. Similarly, EDX is extensively used for cor-
rosion studies of Mg-based implants [15] and EDX point analysis
has already been employed to track multiorgan Gd deposition in a
human patient with contrast-agent induced nephrogenic systemic
fibrosis [16]. The present study has deployed EDX mapping in two
dimensions (2D) to track the distribution of Mg and Gd in the cor-
rosion layer and in the immediate proximity of Mg-Gd screws af-
ter 12 weeks of implantation in rat tibiae. Lab-based nXRF has also
been used to measure Gd deposition in organs that had previously
shown Gd accumulation in other studies [8].

While EDX and XRF can provide spatial information about the
elemental composition of the samples at a very high resolution,
they are typically regarded as surface techniques (EDX in partic-
ular, due to the shallow penetration of electrons). As such, they
require slicing of the samples in order to access the interface of
interest; furthermore, the information they provide is limited to a
layer of depth equal to the penetration of the probe in the ma-
terial. In order to access volumetric information and have a more
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complete picture of the corrosion behavior, we have applied x-ray
and neutron micro-tomographic techniques.

Standard attenuation-based x-ray computed tomography in the
micrometer-scale (uCT) is one of the most commonly used tech-
niques to provide volumetric information but does not provide full
elemental decomposition. Even though x-ray attenuation depends
on the target material, this information alone is not enough to sep-
arate different elements, unless a-priori knowledge of the sample
is postulated or more advanced techniques such as k-edge sub-
traction imaging (which nevertheless needs to be very selectively
tuned for the materials of interest) are employed. An elemental
discrimination can however be attempted by combining together
different tomographic imaging modalities, as shown in recent stud-
ies that have merged x-ray and neutron tomography to separate
between different elements [17,18]. Neutron tomography is par-
ticularly appealing for the investigation of Gd deposition, as Gd
presents an extremely high attenuation coefficient for neutrons. As
such, even a minor accumulation of Gd in the tissue surrounding
the implant is expected to be clearly visible in a neutron tomog-
raphy. In the present study, both synchrotron-based x-ray uCT and
neutron puCT have been employed to assess the corrosion behavior
in three dimensions (3D) of ex vivo Mg-Gd implants in bone.

The overall aim of the present work was to combine 2D EDX
mapping and 3D neutron and x-ray tomography in order to inves-
tigate the degradation of Mg-Gd implants with different Gd con-
centrations (Mg-5Gd and Mg-10Gd, where 5 and 10 indicate the
initial Gd weight percentage) after 12 weeks of healing time. A
specific goal was to determine whether Gd remains incorporated
within the corrosion layers at the implant site, diffuses into the
bone near the implant site, or is excreted from the body without
accumulation.

2. Materials and methods
2.1. Implants

Two different Mg alloys, with different Gd weight percent-
ages (wt%), were used in this study: Mg-5Gd (5 wt%) and Mg-
10Gd (10 wt%). The production procedure was well-characterized
and described in detail in previous publications [19,20]. The alloys
have also been characterized for their microstructure and degra-
dation performance in a recent in vitro study [20]. The implants
were 4 mm long, 2 mm diameter slotted grub screws, with an
M2 thread. As reference material, titanium (commercially pure,
grade 4) and polyether ether ketone (PEEK) screws, purchased
from Promimic AB (Modlndal, Sweden), were also used. The Mg-
Gd screws were gamma-sterilized, while the Ti and PEEK screws
were cleaned in ultrasound baths and then autoclaved. Gamma-
sterilization was preferred for the Mg-Gd screws as it has been
proven to be one of the best sterilization methods to protect the
material surface and to avoid unwanted and uncontrolled start of
corrosion processes in Mg-based alloys, which might happen under
the wet conditions of autoclaving [21].

2.2. Animal experiments

Ethical approval was received by the Malmé/Lund regional eth-
ical board of the Swedish Board of Agriculture (number DNR
M 188-15) to conduct this animal experiment. Within a broader
project (SynchroLoad, Rontgen-Angstrom Cluster project, number
05K16CGA), 108 Sprague Dawley adult male rats were operated.
The rats were treated as described in previously published work
[10]. In brief, after general narcosis and local anesthesia, the tib-
iae of the rats were exposed with a full-thickness flap and an os-
teotomy was created in each tibia. The rats received 1 screw in
each hind leg and each rat received either 2 Mg-screws (Mg-10Gd
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and Mg-5Gd screws, one in each leg) or 2 non-Mg screws (Ti and
PEEK screws, one in each leg). The samples analyzed in the current
study originated from 11 of the above-mentioned rats, euthanized
after 12 weeks of healing, and were selected randomly to be allo-
cated to the different tests.

2.3. Sample preparation

After euthanasia, the tibiae of the rats were harvested and
bone-implant cylindrical blocks of 5 mm diameter were cut out
with a trephine bur under irrigation. The blocks were fixed in 70%
ethanol and then dehydrated in a series of ascending ethanol con-
centrations. Afterwards, the samples were critically point dried to
be subjected to various test. For the current study, 11 samples were
randomly selected, 4 Mg-10Gd, 4 Mg-5Gd and 3 Ti, all from the 12
weeks healing group.

All dried samples were scanned with high-resolution x-ray to-
mography. Two of them (1 Mg-10Gd and 1 Mg-5Gd) were sub-
sequently kept dehydrated for neutron tomography scans. All the
other blocks were instead rehydrated and embedded in methyl-
metacrylate by LLS Rowiak LaserLabSolutions GmbH (Hanover, Ger-
many). Each embedded block was cut in half along the implant ro-
tation axis with a 0.2 mm diamond band saw (Exakt Saw 300 CL,
Exakt Technologies, Inc. OK, USA). The halves of 3 Mg-10Gd sam-
ples and 3 Mg-5Gd samples, as well as 3 Ti samples for control,
were scanned with EDX without further preparation. After EDX,
histological sectioning was also performed.

2.4. X-ray Tomography

X-ray tomography was carried out at the P05 Imaging Beam-
line (IBL) of the PETRA III storage ring at the Deutsches Elektronen-
Synchrotron (DESY) in Hamburg, Germany, as previously published
[19]. The x-rays were monochromatized with a double crystal
monochromator to an energy of 34 keV. The tomograms were ac-
quired by using a stepwise rotation with 1201 projections in to-
tal. The detecting system, which consisted of a scintillator cou-
pled to a set of microscope optics and a CCD camera, provided
a 739 mm horizontal field-of-view with 1.285 pum effective voxel
size. Prior to reconstruction, the projections were 2 x 2 binned
in order to improve the signal-to-noise ratio and make the file
size more manageable for subsequent analysis. Dark- and flat-field
correction, ring filtering and filtered back-projection were all per-
formed with code developed in MATLAB environment [22], using
the ASTRA toolbox [23-25]. A more extensive description of the
x-ray tomographic setup and data acquisition is available in previ-
ously published work [19].

2.5. Neutron Tomography

Neutron tomography was performed with the high-resolution
configuration at the V7 (CONRAD-2) instrument [26,27] of the BER-
2 research reactor (Helmholtz-Zentrum Berlin). In addition to the
two explants (1 Mg-5Gd and 1 Mg-10Gd, both 12 weeks healing
time), a non-implanted screw of each alloy was also scanned for
comparison. The polychromatic beam of cold neutrons was sent
through a 3 cm pinhole, for a collimation ratio (L/D) of 167 on
the measuring position (L = 500 cm). The samples were placed as
close to the detector as possible (around 5 mm), in order to min-
imize image blur. Tomograms were acquired via stepwise rotation
of the samples, covering the full 360° range with 600 projections
in total. Each projection had an exposure time of 40 s, for a total
scan time of approximately 13.5 h including overhead and addi-
tional flat and dark images (20 each). The detecting system [28],
based on a 10 pm Gd,0,S scintillator optically coupled to a CCD
camera with 2048 x 2048 pixels and 13.5 um pixel size, was set
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to provide a 15.5 mm cropped field-of-view (the CCD was only par-
tially illuminated) with 13 pm effective pixel size. The large field-
of-view allowed to stack samples one on top of each other within
the same scan, in order to optimize the beamtime. Dark and flat-
field correction, ring filtering [29], beam-hardening filtering and
filtered back-projection were performed with MuhRec [30].

2.6. Energy-dispersive x-ray spectroscopy

EDX mapping was carried out at the scanning electron micro-
scope (SEM) E-SEM FEI Quanta 200 MKII system (Thermo Fisher
Scientific) located at the Materials Engineering division of the Fac-
ulty of Engineering, LTH, in Lund. The machine was equipped with
a Pegasus EBSD+EDX analytical system (EDAX, AMETEK), with an
Octane Super SDD (60 mm? sensor) as EDX detector. Prior to being
scanned, the samples were cleaned with an ultrasonic bath; they
were then mounted on the SEM sample-holders with carbon tape.
Conductive silver paint was used to form a conductive path from
the sample-holder to the metallic implants. The scans were per-
formed in high vacuum (1.56E-6 mbar), with a 15 V acceleration
voltage, a 91 pA beam current and a 200 ps dwell time. Overview
secondary-electrons SEM images were used to navigate the sam-
ples and to identify regions for performing EDX analysis. Depend-
ing on the size and position of accessible implant-bone interface,
different amounts (between 3 and 6) and sizes of EDX maps were
acquired on each sample. Data collection was performed on the
TEAM™ software (EDAX, AMETEK).

2.7. Histology

After EDX analysis, the halves of the bone-implant blocks were
subjected to histological preparation. The samples were polished
to remove debris and then attached to plexiglasses for histologi-
cal sectioning according to the cutting-grinding technique [31]. A
40 pm thick section was obtained from each sample and it was
stained with Toluidine blue-Pironin y mixture to highlight bone
and other tissues.

The slices were observed and photographed at a light micro-
scope (Nikon Eclipse Ci-L equipped with DS-Fi3 camera and NiS D
software, all Nikon, Tokyo, Japan).

2.8. X-ray fluorescence analysis of organs

The following organs were harvested en toto from 3 rats (2 with
Mg-screws, 1 control), immediately after animal euthanasia: liver,
spleen, kidneys, lungs, brain. The organs were immediately fixed in
70% ethanol for 1 week and were placed in 4% buffered formalde-
hyde until dehydration but not more than 1 month. Dehydration
was carried out in ascending ethanol concentrations, followed by
infiltration with isopropanol and finally embedding in paraffin. The
embedded organ samples were sectioned with a microtome to ex-
pose a planar surface of more or less the center of the organs.

The paraffin blocks were analyzed by pXRF (Tornado M4 pXRF
spectrophotometer; Bruker Nano, Berlin, Germany) for the deter-
mination of elemental composition in the selected soft tissues as
described in [32]. In brief, a multipoint analysis was performed
with an anode current of 200 mA. A grid of measurement points
was generated automatically or manually depending on the size of
the accessible tissue surface. Each measurement point constituted
a technical replicate measurement of the tissue. The spectra were
acquired for 30 s per point. An almost homogeneous sample cov-
erage had to be achieved with a spot size of 25 mm. A background
correction was enacted by measuring the plane paraffin surface
without organic tissue. Data evaluation and image processing were
performed with the Bruker ESPRIT microanalysis software version
1.3.0.3273.
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2.9. Data analysis

The scans obtained with neutron tomography were registered
to the matching x-ray pCT scans by means of semi-automatic data
registration using the Amira Software (Thermo Fisher Scientific).
Segmentation of the implants was then performed: in the neu-
tron case, automatic grayscale thresholding in Amira was sufficient
to separate the implants from the surrounding bone; in the x-ray
scans, automatic segmentation of non-corroded implant, corrosion
layer and bone was achieved with a machine learning approach
[33]. Volume/surface renderings for data visualization were then
created in Amira.

Semi-automatic registration was also performed to identify
which slices in the x-ray puCT volumes corresponded to the EDX
and histology planes. As a first step, histological pictures of the
full samples were downscaled to a pixel size close to the one of
the matching tomograms; they were also converted from RGB color
into grayscale, by keeping only the brightness information and dis-
regarding hue and saturation; lastly, they were “extended” from 2D
pictures to 3D volumes by duplicating them once along the depth
axis. This enabled the use of semi-automatic data registration tools
in Amira, which would normally work either from 2D to 2D or
from 3D to 3D. After registration, the x-ray pCT data were resliced
in slices parallel to the histological plane. The slices that matched
the EDX maps were then identified by visual inspection.

The EDX maps were energy calibrated with TEAM™:; K-lines of
relevant elements (or L-lines in the case of Gd) were then iden-
tified and used to produce intensity maps of only those selected
elements. RGB maps were also created by combining the maps as-
sociated to three chosen elements at a time. In addition, the soft-
ware provided standardless semi-quantitative concentrations of the
different elements (in weight percentages, wt%) via ZAF correc-
tions. Since the intensity of the Gd L-lines was deemed too low
to perform such an analysis on an individual pixel basis, thresh-
olding and manual selection tools were used to divide each map
in three different regions of interest (ROIs), corresponding to non-
corroded implant, corrosion layer and bone. In the controls, im-
planted with Ti screws, only a bone ROI was selected. In each RO,
the integrated spectrum was used to obtain semi-quantitative con-
centrations of the relevant elements, with associated uncertainty.
Essentially, this corresponded to using each pixel of the EDX map
as a replicate experimental measurement of the associated ROI, in-
creasing the statistics at the cost of losing spatial resolution. Av-
erage concentrations in each class of ROIs and each implant alloy
were then obtained by calculating the arithmetic mean of the val-
ues obtained from all the corresponding maps; the uncertainty as-
sociated to each value was selected as the maximum between the
standard error of the values and the highest experimental uncer-
tainty declared by the TEAM™ software. A statistical comparison
between the different groups was performed with one-way unbal-
anced ANOVA and post-hoc Tukey tests in MATLAB environment. A
p-value below 0.05 was considered statistically significant.

3. Results and discussion
3.1. Overview

An example of the diverse information provided by the various
imaging modalities that were employed in this work is presented
in Fig. 1. In the histological picture (Fig. 1A), the toluidine blue has
stained the biological tissue (bone and bone marrow) which sur-
rounds the implant, but also seems to have penetrated in parts of
the corrosion layer (arrows). The corrosion layer appears transpar-
ent to the illumination light, while the non-corroded metallic bulk
of the implant is completely opaque. The corresponding x-ray pCT
slice (Fig. 1B) provides more information about the implant: the
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corrosion layer appears to be divided in several “sub-layers”, with
varying x-ray attenuation. The non-corroded bulk presents a ho-
mogeneous attenuation, and its contours are in good agreement
with the contours of the opaque region in the histology. The x-
ray uCT slice that matches the plane of the EDX scans is presented
in Fig. 1C, with superimposed RGB maps of which the red, green
and blue channels correspond to the EDX maps of Gd, Ca and Mg
respectively. The “sub-layered” structure of the corrosion-layer is
well visible in the RGB EDX maps as a variation of Gd and Ca rel-
ative intensity (red and green), while the bulk appears to contain
a homogeneous amount of Gd and Mg (red and blue). An in-depth
analysis of a representative EDX map will be shown in the next
sub-section (Section 3.2). Lastly, Fig. 1D shows a longitudinal slice
of the implant in one of the neutron tomography scans. While the
sample is not the same as in Fig. 1A-C, they are both Mg-5Gd 12w
samples and its corresponding x-ray tomography (not shown) pre-
sented a layered-structure just like Fig. 1B. In the neutron case,
the implant appears mostly homogeneous and highly attenuating,
with no clear distinction between bulk and corrosion layer. The
scan presents several artefacts due to beam starvation around the
implant, and cupping-effects within the bulk of the implant, all
stemming from the implant’s high attenuation. The bone is com-
pletely overshadowed unless some overexposure is accepted in the
implant, as in the picture. Highly attenuating particles are visible,
detached from the implant (white arrow). A more detailed descrip-
tion and interpretation of the neutron results will be performed in
Section 3.3.

3.2. EDX qualitative and semi-quantitative analysis

Multiple areas were scanned with EDX on each of the 6 sam-
ples (3 Mg-5Gd and 3 Mg-10Gd). In this section, the qualitative
results of just one area of a Mg-5Gd sample (which is also identifi-
able in Fig. 1C) are presented; all the other scanned areas, indepen-
dently on the alloy, showed very similar behavior and are provided
without commentary as Supplemental Material together with their
pixel size, which as mentioned in Section 2.9 gives an indica-
tion of the number of replicates available for the semi-quantitative
analysis. The semi-quantitative analysis, described at the end of
the section, encompasses all the areas for each alloy and reports
the values for the controls (3 Ti) as well. No PEEK samples were
scanned as controls, as their poor electrical conductivity would
have caused electrical charging issues during the SEM acquisition;
furthermore, since the focus of the study was evaluating the corro-
sion of Mg-Gd alloys and not the bone quality around the implants,
Ti was considered sufficient as control material without any Mg-Gd
presence.

From an analysis of the cumulative spectrum of the scans, six
main elements of interest were identified: Mg, Gd, Ca, phosphorus
(P), oxygen (0) and carbon (C). Fig. 2 shows the cumulative spectra
corresponding to the three ROIs (non-corroded implant, outlined
by blue dashed lines; corrosion layer, red solid outlines; bone, yel-
low dot-dashed outlines) in which the area was divided for the
later semi-quantitative analysis. In the spectra, the emission lines
of the aforementioned elements are labelled with black solid lines;
smaller peaks could be reconducted to either pile-up and Comp-
ton edge peaks of the main elements (blacked dashed lines), or to
trace elements (Na and K) which had a too low concentration to
distinguish them from the background in the 2D maps and were
thus discarded from the subsequent analysis.

The extracted 2D maps for each main element, normalized to
their maximum intensity, are presented in Fig. 3, together with
matching x-ray pCT and histology close-ups. Gd, Ca and Mg are
presented in red, green and blue lookup tables respectively, in or-
der to coincide with the RGB picture; the other three elements are
shown in a grayscale lookup table.
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Fig. 1. Overview of the information provided by the different techniques employed in this work. A-Histological section of a Mg-5Gd sample. The staining agent (Tolui-
dine blue-Pironin y mixture) has stained the biological tissue, but also seems to have penetrated in parts of the corrosion layer (arrows). The scalebar, 500 pum, applies to all
the figures in this group. B-X-ray uCT slice which corresponds to the histological slice shown in A. C-X-ray uCT slice that matches the plane of the EDX scans (approximately
85 pm away from the slice shown in B), with superimposed RGB maps in which the red, green and blue channels correspond to the EDX maps of Gd, Ca and Mg respectively.
D-Longitudinal slice of a Mg-5Gd sample in a neutron tomography scan. Highly attenuating particles are visible, detached from the implant (white arrow).
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are outlined on the images, and their cumulative EDX spectrum is shown on the right. Blue dashed outlines, top spectrum: non-corroded implant ROl Red solid outlines,
middle spectrum: corrosion layer ROIL Yellow dot-dashed outlines, bottom spectrum: bone ROL In each cumulative spectrum, the emission lines of the main elements found
in the samples are labelled with black solid lines. Black dashed lines are used for peaks not associated to real elements but caused by detection artefacts (pile-up peak and

Compton edge, both from the Mg peak).
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The Gd signal appears constant across the whole implant, with-
out any visible distinction between non-corroded part and corro-
sion layer. A lower intensity signal would seem visible in the bone
region as well, but a comparison with the corresponding spectrum
in Fig. 2 indicates that the signal is most probably due to a con-
stant background rather than real presence of the element. It was
decided not to remove the background on the 2D maps, since the
number of counts for the L-lines of Gd was prohibitively low on a
pixel-by-pixel basis and a background fitting algorithm would risk
removing real peaks as well. The fact that Gd still follows the orig-
inal shape of the implant and does not seem to have been eroded
away is consistent with what has been observed for other rare-
earth (RE) metals (La and Ce) in an ex vivo study on rabbits with
very long healing times [34]. Furthermore, it agrees with the hy-
pothesis of it remaining incorporated in newly formed apatite at
the implant site, described in the introduction [10].

The Mg map shows a homogeneous concentration in the non-
corroded part of the implant, with a sharp decrease to much lower
values in the corrosion layer. The contours are in good agreement
with the homogeneous x-ray attenuation part of the x-ray pCT
scan, and with the opaque metallic part of the histological scan.

As for Ca, its distribution shows a homogeneous concentration
within the bone in the proximity of the implant, and a diffu-
sion within the corrosion layer. The diffusion presents a concen-
tration gradient, with the highest Ca concentration distributed in
a layer which follows the contours of the non-corroded high-Mg
part, as clearly visible in the RGB map. The high Ca layer matches
very well the high x-ray attenuation layer in the x-ray pCT scan.
In this particular example, it appears to be visible in the histol-
ogy as well, as a thin line with hue similar to the color of non-
stained bone; a high magnification analysis of the histological sec-
tion, however, did not reveal the presence of any visible cells in it
(Fig. 3).

Regarding the other elements: C is mostly associated with the
resin embedding of the samples, with a high concentration in the
bone lacunae and in the embedding material itself; O appears uni-
formly distributed all across the sample, with higher accumulation
in the corrosion layer closest to the high-Mg ROI; P appears to
closely match Ca but penetrates deeper in the corrosion layer. This
latter behavior can be highlighted with an RGB image with P, Ca
and Mg channels respectively (Fig. 4). The yellow color corresponds
to co-presence of P and Ca, while the red layer immediately adja-
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Fig. 4. EDX RGB image of P-Ca-Mg. RGB map of the same representative area as
in Fig. 3. The red, green and blue channels are the EDX maps of P, Ca and Mg re-
spectively.

cent to the blue area indicates an accumulation of P next to Mg,
with no Ca presence.

The layered structure of the corrosion layer, with sub-layers rich
in Ca, P and O, is consistent with what is known in literature about
the formation of precipitates as a protective layer. In particular, a
highly x-ray attenuating and Ca-rich sublayer has been observed
during in situ corrosion of Mg-2Ag [35] and in vitro degradation of
pure Mg [36]. Previous in vitro studies of Mg-10Gd alloys [37,38]
had shown co-presence of Ca and P, but no sub-layered structure;
their observation times however were much shorter than ours and
their alloy presented a faster degradation rate. The degradation
rate in particular has been suggested to be linked to the forma-
tion of such a Ca-rich sublayer [36]. These observations, coupled
with the lack of any visible cells in the matching area of the histo-
logical section, indicate that, at least in the presented map, the ac-
cumulation of Ca and P is mostly linked to the corrosion processes
of Mg, rather than bone-remodeling within the corrosion layer. A
similar pattern was observed in the other areas of this sample, and
in most of other samples. In some cases, a direct comparison with
histology was not possible since the histological slice was quite dif-
ferent from the EDX plane, due to mechanical erosion of the sam-
ple during preparation for the histology.

The semi-quantitative results obtained from all the EDX analysis
are presented in Table 1. While the reduction in Mg relative con-
centration between non-corroded parts, corrosion layer and bone
was confirmed as statistically significant, the difference in Gd wt%
between non-corroded and corroded was not (p-value = 0.85 for
Mg-5Gd, p-value = 0.49 in the case of Mg-10Gd). A significant
variation in Ca and P was also observed between corrosion layer

Fig. 3. Close-up comparison between EDX, x-ray [ICT and histology. The same area as in Fig. 2 is shown as x-ray uCT (top-left), EDX Gd-Ca-Mg RGB map (middle-left) and
histology (bottom-left). The EDX map is further separated in 2D maps for each main element, normalized to their maximum intensity: Gd, Ca and Mg are presented in red,
green and blue lookup tables respectively, in order to coincide with the RGB picture; C, P and O are shown in a grayscale lookup table. The scalebar, 200 pum, applies to all

the figures.
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Table 1
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Results of EDX semi-quantitative analysis. The relative concentration (in weight %) of the main elements of interest is presented, with
associated standard error, for the different sample types and different ROIs. Where no result is reported the quantities were below the
detection limits of the instrument. Superscripts indicate statistically significant variations when non-corroded and corrosion layer ROIs
(letter a), corrosion layer and bone ROIs (letter b) and control bone and test bone ROIs (letter c) were compared.

ROI type Mg Gd Ca P o C
Mg-10Gd

non-corroded 72 £32 8.8 £ 03 / / 85+16°2 79 £16°2
corrosion layer 143 + 1.8 2b 9.4 + 0.5 9.0+ 1.0° 79 +£09° 42+ 42 17 +£22
bone 1.8 +£02P / 24.6 + 1.5 b< 11.8 £ 0.5 be 46 + 5 15+3
Mg-5Gd

non-corroded 80.7 £ 092 3.97 £ 0.11 / / 46 +09°2 106 £ 1.4
corrosion layer 10.5 + 1.1 @b 44 + 0.3 122+11° 82+06°" 49 + 42 14.7 £ 1.8
bone 1.3+£020 / 24.7 + 0.9 b 11.8 £ 0.4 b¢c 48 + 5 133 +£15
Ti

control bone 049 + 0.3 / 353 +13°¢ 149 £ 05 € 44 + 4 12.0 £ 1.1

and bone ROIs; this is consistent with previous in vitro studies of
Mg-10Gd corrosion [38], and further suggests that Ca and P accu-
mulation in the corrosion layer is linked to Mg degradation rather
than bone remodeling. Lastly, O presented a significant wt% reduc-
tion in the non-corroded material compared to the other two ROIs,
but no significant difference between bone and corrosion layer. C
did not show statistically significant differences between the vari-
ous ROIs and alloys, with the exception of the non-corroded part
of the Mg-10Gd samples, which presented a lower wt%; the fact
that C is mostly associated to the resin in which the samples were
embedded, however, leads to the belief that this could be a sys-
tematic error exacerbated by the low number of samples. When
the two different alloys were compared between them, no signif-
icant difference was observed for any concentration, with the ex-
ception of Mg and Gd in the implant areas, proportional to the
nominal alloy compositions (as expected). The table also reports
the values obtained in the EDX analysis of control bone, i.e. the
one in the proximity of Ti implants. Both Ca and P wt% were sig-
nificantly higher in the controls than in the Mg-Gd samples, sug-
gesting a difference in mineralization induced by the presence of
the Mg-Gd implants. Since a study of bone quality was beyond the
scope of this study, no further attention was given to this aspect.
A more accurate study of this phenomenon would require more
samples and additional time-points; furthermore, additional meth-
ods would be needed to better assess bone quality. The difference
in Mg wt% was found to be not statistically significant, which indi-
cates that, despite the high amount of Mg leaving the implants, the
organism was quite efficient in removing any excess. This appear
consistent with the observations by Grunewald et al. [11], who re-
vealed an only transient accumulation of Mg, focused around bone
vessels.

3.3. Neutron tomography

In the neutron scans, the implants appeared extremely attenu-
ating and mostly homogeneous, as already anticipated in Fig. 1D.
This was in stark contrast with the matching x-ray scans, in which
the implants presented corrosion layers very similar to the ones
already shown for the samples scanned with EDX. An example of
this is given in Fig. 5, where a longitudinal section of the Mg-10Gd
implant in the neutron domain (5A) is directly compared to its
matching section in the x-ray domain (5B). Given that the neu-
tron attenuation coefficient of Gd is orders of magnitude higher
than the one of all the other elements expected in the sample
[39,40], it seems reasonable to assume that the strong attenuation
observed in the neutron scans is mostly due to the presence of
Gd. While the implant in Fig. 5A shows higher attenuation on the
edges compared to its center, this effect is most probably due to

an insufficient correction of the cupping effect caused by the high
attenuation and the wide neutron spectrum leading to beam hard-
ening. In fact, both cupping and streak artefacts are much stronger
in Fig. 5A than in Fig. 1D (which was a slice of the Mg-5Gd sam-
ple), because of the higher concentration of Gd and hence stronger
attenuation. Furthermore, similar artefacts were observed for the
non-implanted screws (shown as Supplemental Material), which
were expected to be completely homogeneous, again supporting
the case that the observed variations are linked to reconstruction
artefacts.

The fact that the implant appears intact in the neutron domain,
with no visible distinction between non-corroded and corroded
parts, is consistent with the fact that Gd remains incorporated at
the implant site, as directly observed with EDX. The advantage of
neutron tomography over EDX is providing this information in a
volumetric way, confirming that the behavior is consistent across
the whole sample, rather than just in a fortunate 2D slice. The 3D
aspect of the result is highlighted in Fig 5C-F: the neutron scans
allow to separate the implant from the bone (5C) and confirm that
the screw appears mostly intact in the neutron domain, i.e. as far
as Gd is concerned (5D). This is not what one would have expected
from x-ray tomography, in which the corrosion of the implant ap-
pears quite diffuse (5E) and the non-corroded part (5F) is very dif-
ferent from the original implant shape. An analysis of the corrosion
dynamics of the implants, using x-ray uCT scans of all the samples
and time-points described in the sample preparation section, in or-
der to evaluate parameters such as degradation rate, bone volume
over total volume and bone-to-implant-contact, is the topic of a
different work (in submission).

The only change in shape from a neutron point of view is given
by the detachment of small implant particles, which coincide with
fractures of the corrosion layer in the x-ray domain (arrow in
Fig 5A and B). These small particles were observed for both alloys
and could be found at various distances from the intact implant
(arrow in Fig. 1D). Since the debris was found in the bone marrow
close to the implant, it is unclear whether the detachment might
have happened during the corrosion or because of the mechani-
cal preparation of the samples, following the harvesting. Even if
real, this fragmentation is much slower than what had been ob-
served in the study from Myrissa et al, in which Mg-10Gd pins
had completely disintegrated in small particles after 12 weeks of
implantation [8]. The discrepancy is most probably due to differ-
ences in material casting and in implant shape and had not been
anticipated when planning the study. Extending our study to even
longer time points could provide further insights on the disintegra-
tion mechanisms of the implants, in particular whether the Gd re-
mains in place indefinitely (similar to other RE metals observed at
the implant site 9 months after implantation [34]) or if the degra-
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Fig. 5. Comparison between neutron and x-ray tomography. A longitudinal section of the Mg-10Gd implant in the neutron domain (A) is directly compared to its matching
section in the x-ray domain (B). Detachment of parts of the corrosion layer is visible with both methods (white arrow). The scale bar, 1 mm, applies to both the figures.
C-F: 3D renderings obtained from the volumetric scans. In the neutron scan, the implant, in red, can be separated from the bone, in transparent gray (C), and confirmed to
appear mostly intact (D). In the x-ray scan, the corrosion layer, in transparent red, appears quite diffuse (E) and the non-corroded part, in solid gray, is very different from

the original implant shape (F).

Table 2

Element composition (mass%) in soft tissue preparations measured by puXRF. Traces of Mg and Cu were detected but not
evaluated, Gd was not detectable, mean (SD), n = number of data points per organ, control-1 animal; Gd-implantation Mg-5Gd

and Mg-10Gd screw per leg for 12 weeks-two animals averaged.

organ  treatment P S K Ca Fe Zn n
liver control 20.90 (2.80)  42.94 (4.15) 14.37 (2.82) 4.23(1.19) 7.33 (2.46) 1.74 (0.50) 232
Mg-10Gd 20.83 (4.50) 41.86 (4.66) 15.25(3.22) 4.71 (1.41) 10.14 (2.44) 1.70 (0.55) 261
lung control 22.28 (492) 35.83(6.66) 17.87 (490) 599 (1.87) 8.35(3.79) 0.90 (0.44) 164
Mg-10Gd 18.24 (4.73) 3538 (4.54) 18.00(3.34) 5.79 (1.39) 17.12 (6.29) 1.01 (0.42) 253
kidney control 16.26 (3.75)  50.62 (7.59) 13.18 (2.29) 5.33 (1.34) 7.11 (2.78) 1.21 (0.78) 137
Mg-10Gd 19.10 (3.04)  41.74 (4.40) 17.57 (3.15) 6.43 (1.66)  8.81 (2.09) 1.47 (0.467) 159
spleen control 17.89 (3.11)  22.01 (5.96)  7.73 (1.50) 1.91 (0.49) 43.86 (8.78) 0.85 (0.27) 46
Mg-10Gd 14.34 (4.66) 14.77 (4.25) 5.46 (1.52) 1.96 (0.61) 59.22 (11.53) 0.85(0.22) 155
brain control 23.35(2.95) 46.45(3.82) 16.17 (2.45) 836 (2.19) 1.47 (0.56) 1.15 (0.39) 55
Mg-10Gd 2448 (3.30)  40.20 (5.37) 18.69 (5.14) 823 (2.19) 1.79 (0.89) 1.11 (0.40) 171

dation in small particles will eventually result in a complete re-
moval of the Gd. As our measurements have shown, any remaining
small detached particles would still be easily distinguishable with
neutron imaging, as long as they contain Gd.

3.4. Element analysis in soft tissue preparation

The results of the XRF analysis of the organs are presented in
Table 2 as mass percentage (mass%). The number of measurement
points per organ, which corresponds to the number of replicate
experimental measurements, is given in the last column. The val-
ues show typical organ distributions, with a high Fe (hemoglobin)
content in spleen and a higher S (protein) amount in liver, kid-

ney and brain. Due to the low sensitivity of the instrument for Mg,
the detected traces were not evaluated quantitatively. No Gd could
be quantitatively measured in the selected organs of the exposed
animal. An additional area scan of the brain of a Gd treated ani-
mal revealed no local enrichment of this element. Elements with
an atomic number above 40 can be detected in the range of 10-
100 ppm [41].

This is once again in very good agreement with our findings,
confirming the hypothesis that Gd is not being removed from the
implant site at the healing time in exam.

In addition to the focus on the implant components, remark-
able differences have been detected for potassium, sulfur and iron.
In particular, the potassium level was elevated in the liver, lung
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and kidney of the treated animal. While these findings were in-
teresting under a physiological aspect and verify element distri-
bution results in other in vitro studies [32,42], detailed inves-
tigation on this issue has not been performed in the present
study.

3.5. Limitations and future directions

While this work analyzed the elemental composition of the
degradation byproducts with a fair variety of techniques, which
furthermore all point to the same conclusion regarding Gd per-
manence at the implant site, there are nevertheless a few lim-
itations that would need to be addressed in eventual follow up
studies.

The first obvious limitation of this study is that it has only fo-
cused on one time point. Since our conclusion is that after 12 w
of healing time Gd is still mainly localized at the implant site,
it remains unclear how this behavior could affect the potential
toxicity of the implants in the long term. Further studies with
longer time points will be necessary in order to determine whether
the implant eventually fully disintegrates and is flushed from the
body, or if it stays in place indefinitely, potentially releasing toxic
(Gd3+) ions in the surrounding bone over time. In this direction, it
might also be beneficial to perform minimally invasive tests such
as blood analyses on the animals at regular intervals, in order to
look for Gd traces or increased Mg concentration during implant
corrosion.

Another possible shortcoming of this study lies in the XRF re-
sults, which have only provided negative results regarding Gd pres-
ence in any of the major excretory organs. While XRF has been
used in order to preserve the samples for future studies, more sen-
sitive but destructive techniques could have been able to reveal
very low concentrations of Gd in the organs that XRF might have
missed. In particular, inductively coupled plasma mass spectrome-
try (ICP-MS) and inductively coupled plasma atomic emission spec-
troscopy (ICP-AES) have already been used to track Gd presence in
soft tissue with very high sensitivity [8,43], and would be recom-
mended if sample preservation is not of concern. Another possi-
bility, albeit quite remote, is that small alloy particles might have
been excreted without any residuals in the excretory organs. In this
study we did not keep track of eventual Mg-Gd alloy presence in
the animals’ litter, which could have provided more insights on
this possibility; future studies which wanted to fully address the
question of Gd excretion should plan to track alloy traces in the
litters as well.

Finally, while the EDX results provided semi-quantitative infor-
mation about relevant elements in the corrosion layer of the im-
plants, none of the techniques that we have used could determine
the chemical speciation of the different layers. While one could
look at the different ratios between the element concentrations,
such as comparing Ca vs P in an attempt to discriminate between
different apatites, this would be far from conclusive. Other tech-
niques, such as x-ray absorption spectroscopy (XAS) and in partic-
ular x-ray absorption near edge structure (XANES, also known as
NEXAFS, i.e. near edge x-ray absorption fine structure) have been
already extensively employed to determine the speciation of met-
als in biomedical tissue [44] and might be able to provide insights
on the chemical speciation of Gd and possibly Mg in the corro-
sion layer. A further advantage of those techniques is that they are
commonly available at synchrotron beamlines that also offer XRF,
and thus could be effectively combined with elemental mapping
within the same beamtime.

As far as neutron tomography is concerned, its intrinsic limit is
that it could not provide any information about any other elements
except Gd in the corrosion layer, since their signal was overpow-
ered by the Gd one. Nevertheless, the technique was very valuable
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in detecting small implant fragments in the bone marrow, which
could be a promising application for longer healing times, where
a larger implant fragmentation can be expected. A combination of
x-ray and neutron tomography also seems very promising in the
study of other non-Gd based biodegradable alloys, where the ab-
sence of Gd could allow more insights on the implant byproducts.

4. Conclusion

This study has successfully employed multimodal imaging tech-
niques to investigate the degradation of Mg-5Gd and Mg-10Gd im-
plants after 12 weeks of healing time in Sprague Dawley rats. The
main finding has been that the corrosion appears to involve only
the Mg component, while the Gd remains localized at the implant
site. This was observed in 2D by means of EDX maps and extended
to 3D with a novel application of neutron tomography; XRF anal-
ysis of organs also did not reveal any measurable accumulation of
Gd, further reinforcing the conclusion that very limited or no re-
moval at all of Gd-alloy happened during degradation.

Small fragments of the implants were detected in the bone mar-
row and bone close to the implants, but most of the material was
still in its original position and from neutron tomography the im-
plant appeared mostly intact.

The 2D elemental analysis of the corrosion layer revealed a pro-
gressive substitution of Mg with Ca, P and O. The corrosion layer
appeared further subdivided in sub-layers, which could be very
well identified in the 3D x-ray puCT scans as well, presenting very
different x-ray attenuation coefficients. In particular, an intermedi-
ate Ca-rich layer showed very high x-ray attenuation and was also
visible in the matching histological sections, but no cellular activity
could be detected in it.

A final important result of this work has been exploring the po-
tential of 3D tomographic techniques in the study of implant cor-
rosion, when paired with already well-established 2D techniques.
The registration of EDX, histology and x-ray pCT worked reason-
ably well, allowing to associate different x-ray attenuation values
with different elemental compositions. Assuming that the corre-
spondence is consistent across the whole sample, x-ray nCT could
provide volumetric information about the remaining non-corroded
Mg-rich part; it would also allow to follow the Ca-rich sub-layer
and measure its size. Neutron tomography, on the other hand, was
crucial in discriminating the Gd distribution in 3D, which would
not have been as easily visible with x-ray puCT alone.
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