
Bioactive Materials 25 (2023) 86–94

Available online 23 January 2023
2452-199X/© 2023 The Authors. Publishing services 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://creativecommons.org/licenses/by-nc-nd/4.0/).

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

Jonathan Espiritu a,*, Mostafa Berangi b,c,d, Hanna Cwieka e, Kamila Iskhakova e, 
Andre Kuehne b, D.C. Florian Wieland e, Berit Zeller-Plumhoff e, Thoralf Niendorf b,c,d, 
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A B S T R A C T   

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

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

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

1. Introduction 

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

Postoperative care of orthopaedic implants is aided by imaging of 

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

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

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

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

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

SAR=
〈PRF〉t

Δm
=

σ〈|E|2〉t

2ρ 

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

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

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

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

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

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

2. Materials and methods 

2.1. Sample preparation 

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

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

2.2. Material characterisation 

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

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

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

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

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

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

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

2.3. Temperature measurements during MRI examination 

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

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

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

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

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

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

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

Scanning Parameter Value 

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

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

Parameter SEM EDX 

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

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

B0 Field strength [T] 3.0 

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

2.4. Statistics 

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

3. Results 

3.1. Material characterisation 

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

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

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

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

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

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

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

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

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

Pairwise comparison of degraded tps p-value 

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

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

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

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

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

3.2. Heating measurements during MRI examination 

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

4. Discussion 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

5. Conclusion 

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