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ARTICLE INFO ABSTRACT

Keywords: Magnesium (Mg) alloy screws represent promising biodegradable orthopedic implants owing to their biocom-
Biodegradable implant patibility, mechanical strength, and gradual resorption, thereby obviating the need for secondary removal sur-

I;/H:I gery. However, their electrical conductivity raises safety concerns during magnetic resonance imaging (MRI)
afety

used for the assessment of healing progress and potential complications, where exposure to radiofrequency (RF)
energy may induce tissue heating. As Mg implants degrade, evolving geometry and material phase may alter
electromagnetic behavior, deposition of RF energy and potential heating. This study systematically examined the
effects of key degradation mechanisms—volume reduction, surface roughening, formation of a magnesium hy-
droxide layer, and implant fractures—on MRI-induced heating. High-resolution electromagnetic field simulations
at 3.0 T (ASTM F2182 phantom and realistic human voxel model) were complemented by thermal modeling and
experimental MRI heating measurements using real-world screws. Volume loss and edge smoothing reduced
maximum 1g-specific absorption rate (SAR;g) by up to 12%, while surface roughness (RMS = 0.5 mm) reduced
SAR1g by —0.28% through increased surface impedance. Degradation layer caused minimal SAR change
(<0.5%). Screw fractures increased localized SAR;¢4 by up to 19.1% but redistributed heat more uniformly across
the implant, lowering peak temperatures compared to intact screws. In the human voxel model, fractured screws
remained below the IEC safety limits under maximum permissible RF exposure with a maximum temperature
elevation of 38.9 °C, whereas non-fractured screws exceeded 40 °C. Our results demonstrate that Mg screw
degradation generally mitigates MRI heating risks. In conclusion, engineered degradation features may enhance
MRI safety, providing design guidance for next-generation biodegradable orthopedic implants.

Radiofrequency heating
Thermal modeling
Implant fracture
Implant degradation

1. Introduction biodegradability of magnesium alloys allows for gradual dissolution in

physiological environments, thereby minimizing the long-term compli-

The use of biodegradable magnesium (Mg) alloys in orthopedic im-
plants has gained clinical interest and relevance due to their unique
mechanical properties, biocompatibility, and biodegradability [1,2].
These materials present an alternative to inert metals such as titanium
and stainless steel, which often necessitate secondary surgical proced-
ures for removal after the healing process [3-5], which is inextricably
associated with significant health care costs. The inherent
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cations associated with permanent implants [6,7].

Mg-based implant screws — hereafter referred to simply as ‘screws’
or ‘implants’ interchangeably — used for bone fixation are bio-
degradable implants with growing prevalence and clinical application
in orthopedic surgery. The Food and Drug Administration (FDA) has
approved Mg alloy screws, used for fracture fixation that can safely
dissolve within the body over time [8,9]. Clinical applications involve
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metallic fixation pins for use in oral surgery [10], anterior cruciate lig-
ament (ACL) graft fixation screws [11,12] and compression screws for
medial malleolar fracture fixation [13].

Bioactivity, biological response and tissue-material interactions are
important design criteria for biodegradable implants [14]. However,
monitoring the implantation site post-implantation is crucial for
assessing healing progress and potential complications. This clinical
need may introduce additional design criteria governed by character-
istics inherent to the imaging modality and by the needs of patient safety
[15-17].

Magnetic resonance imaging (MRI) is a mainstay of diagnostic im-
aging and enables non-invasive visualization of implants, degradation
stage, and tissue integration free of ionizing radiation [18,19]. MRI
provides means for tissue characterization, quantification of cell death,
assessment of inflammatory processes, observation of bone growth and
infection healing and for probing vascularization and tissue perfusion
[20]. In addition to metallic implants, MRI has been applied to a range of
bioactive material systems; for example, bimodal MRI/fluorescence
imaging has been used in hydrogel-based proangiogenic implants to
track in vivo degradation and vascular network formation, demon-
strating that implantation mode and implant design significantly influ-
ence biological outcomes [21]. These studies demonstrated MRI's
potential in monitoring various applications of biodegradable implants,
ranging from local drug delivery to tissue engineering and angiogenic
responses.

Safety of patients with electrically conductive passive metallic im-
plants undergoing MRI is a critical concern, primarily due to the risks of
radiofrequency (RF)-induced tissue heating [22]. This heating effect is
due to the dipole antenna behavior of a passive electrically conductive
implant when exposed to an external electromagnetic field and influ-
enced by factors such as implant material properties, implant geometry
and its orientation with respect to electromagnetic fields [23].

Metal-based biodegradable orthopedic implants present a particular
challenge with respect to implant-induced RF heating. They not only
share the limitations of inert metals such as titanium, but their
degradable nature also results in a dynamic heating profile that evolves
throughout the degradation process. As the implant structure changes
over time, its electromagnetic response to RF exposure becomes
structure-dependent, reflecting the ongoing material transformation.
Understanding the kinetics and implications of the thermal effects of this
interference warrants careful assessment to ensure patient safety during
MRI. Implant induced heating of Magnesium-based biodegradable or-
thopedic implants in MRI has been examined empirically and bench-
marked against Titanium equivalents in vitro [24] using few specific
degradation states. Preliminary experimental studies showed that
implant diameter, conductive cross-section, implant volume loss and
surface roughness affect RF heating [24-27]. The conclusions drawn
from these studies are valuable but constrained to the very specific
experimental setup used. A systematic assessment of RF-induced heating
of biodegradable implants remains uninvestigated. A thorough study of
dynamic interference and thermal effects is difficult to perform in vitro
and likely not feasible in vivo. However, advancements in
state-of-the-art numerical electromagnetic field (EMF) simulations make
this investigation feasible with unprecedented depth, accuracy and
reproducibility [28,29].

Seizing this opportunity, the present study advances the state of the
art by providing the first systematic investigation into the individual
effects of key degradation parameters—including the presence of a
fractured biodegradable screw—on the MRI-induced heating profiles of
magnesium-based orthopedic screw implants.

This evaluation involves EMF simulations using a setup conforming
to the test method F2182 of the American Society for Testing and Ma-
terials (ASTM) [30] and a clinically relevant human voxel model [31].
The findings derived from the EMF simulations are validated experi-
mentally using test objects following the ASTM F2182.

By elucidating how specific degradation characteristics influence
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thermal responses during MRI, we offer new insights into the extent and
nature of each parameter's contribution. This is achieved through a
comprehensive suite of simulations that build upon, and extend beyond,
previous anecdotal and preliminary experimental observations. The
findings of this work have the potential to improve the safety and clin-
ical performance of magnesium-based biodegradable screws during
MRI, inform critical design criteria for future biodegradable implants,
and support the development of next-generation orthopedic devices.
This research is particularly relevant as the field moves towards more
biocompatible and biodegradable materials that align with the princi-
ples of regenerative medicine and patient-centered care [32,33].

2. Methods
2.1. Corrosion mechanisms of Mg alloys

The corrosion of magnesium alloys, which results in shape defor-
mation, proceeds through an electrochemical process involving two
main interrelated reactions. First, magnesium undergoes anodic disso-
lution, where it oxidizes to release Mg2" ions. Simultaneously, water is
reduced at the cathode to form hydroxide ions and hydrogen gas, which
initially leads to the formation of a somewhat protective Mg(OH) layer.
However, in aggressive environments—especially those containing
chloride ions—this film is disrupted, resuming the process. This process
takes place with different kinetics at different implant locations. It re-
sults in volume reduction and the smoothing of sharp edges, accompa-
nied by the development of a randomly rough surface that tends to
expand laterally. This pitting behavior produces localized deep regions
[34], induces changes in the electrodynamic properties of the degra-
dation layer, and ultimately contributes to implant fissures and frac-
tures. All mechanisms affect the interaction of biodegradable implants
with electromagnetic waves, potentially leading to thermal effects.

2.2. Electromagnetic and thermal response to implant degradation

The geometrical and structural changes resulting from implant
degradation can be categorized based on the different electromagnetic
responses they induce. In this study, volume reduction and softening of
sharp edges, surface roughening due to lateral pitting, formation of a
degradation layer, and implant fracture are considered as critical
parameters.

Volume reduction and softening of sharp edges influence the
deposition of RF energy at implantation site through reduction of the
electric field concentration which is directly proportional to the curva-
ture of the conductor [35]. A common rule of thumb is that the local
electric field (E) on a conductor is roughly inversely proportional to the
local radius of curvature (r):

Eo<1
r

This is due to higher concentration of electrons in regions with
higher curvature. The RF power deposition is expressed in terms of the
specific absorption rate (SAR):

2
saraZEL

Where ¢ is the electrical conductivity of the implant material, E is
electric field and p is the density of the sample. Implant degradation
smoothens the sharp edges of the implant leading to reduced E fields
which in turn reduce energy deposition in the implantation site.
Surface roughening alters the effective surface impedance of a
biodegradable implant, thereby modifying the induced surface currents
and, consequently, the undesired implant-induced electric and magnetic
fields. The relationship between the tangential incident electric field
(E,), the surface current density (J;), and the surface impedance (Z;) is
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governed by:
E=ZJ;

This expression indicates that, for a given incident electric field, an
increase in the effective surface impedance will lead to a reduction in the
induced surface current. These induced currents generate secondary
electromagnetic fields focusing energy within the surrounding tissues.
Modifications in Z; due to surface roughening can influence the local
distribution of electromagnetic energy expressed in terms of SAR of RF
energy in adjacent biological tissues.

Changes in the electrodynamic properties of the degradation
layer: For Mg-based implants the degradation layer is primarily
composed of Mg(OH),, a low-loss, insulating material with a relative
permittivity of &, ~ 3 and relative permeability of p, ~ 1. Reported
thicknesses of this layer can reach up to 80 pm [36-38]. The formation
of this degradation layer alters the boundary conditions at the
implant/tissue interface by introducing an extra layer between the
metallic surface of the implant and the surrounding tissues. The metallic
portion of a biodegradable implant is responsible for conducting the
RF-induced current, and its electrical properties, along with its struc-
ture, which defines the dipole behavior of the implant. Conversely, the
degradation layer acts as a dielectric coating.

This coating, in turn, reduces the boundary of the conductive metal
(i.e., the implant surface), resulting in a thinner pathway for electrical
current. Consequently, the surface charge density on the screw in-
creases, potentially leading to elevated electric fields and enhanced
thermal effects in the immediate vicinity of the implant.

Implant fissures and fractures are a component of the corrosion
process whereby an implant ultimately divides into two or more closely
spaced segments. In this study, we focus on the case of a single fracture;
however, the results can be extended to implants exhibiting multiple
fractures. In contrast to a conventional electric dipole, the fractured
implant demonstrates an electromagnetic response analogous to that of
a fractionated dipole antenna [39]. Specifically, the fracture acts as a
capacitive element, electrically coupling the separate segments of the
implant. The capacitance (C) at the fracture site is directly proportional
to the fracture cross-sectional area (A) and inversely proportional to the
separation distance (d) [40]:

A
Cf
d

This localized capacitance generates an enhanced electric field (E),
which scales with the induced current on the implant. Moreover, the
magnitude of the induced current is determined by the implant's di-
mensions and the MRI resonance frequency—factors that collectively
define the implant's antenna response [22]. Consequently, the equiva-
lent capacitance at the fracture site functions as a tuning capacitor,
thereby modifying the overall electromagnetic behavior of the implant.
Depending on the implant, higher or lower values of C can amplify the
antenna response of the implant, making stronger E that eventually
induce higher SAR in the location of the fracture.

2.3. Degradation modeling of a Mg-based biodegradable orthopedic screw
implant

Mg-based screws used for bone fixation are bio-degradable implants
with growing prevalence and clinical application in orthopedic surgery.
To emulate the corrosion and degradation of a Mg-based biodegradable
orthopedic screw implant, a CAD model of a screw was created in STL
format, where the surface is represented by triangles. Using this model,
the progression of shape deformation due to chemical reactions between
Mg and its environment was modeled through an iterative procedure, in
which the volume of the screw model shrinks at each iteration, and the
location and size of the surface triangles are adjusted to: 1) maintain the
general shape of the model, 2) avoid overlap between iterations, 3)
initiate pitting behavior at random locations and progress at the same
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locations during later iterations, 4) smooth sharp edges and 5) insert
opening at locations where internal and external layers of the screw
overlap each other. The degradation models generated are represented
using surface triangles with a variable resolution from 30 pm up to 100
pm. The screw model used in this study is a compression screws with: L
=70 mm, D = 4.8 mm and guide wire diameter = 1.7 mm (Fig. 1).

Screw models VO-V7 (Fig. 1) were used in the simulations to
investigate the effect of degradation-driven implant volume shrinkage
on RF-induced heating. The remaining volumes at different degradation
stages are reported in Table 1 as normalized values relative to the vol-
ume of the non-degraded screw (VO0).

2.4. Electromagnetic field simulations

For 3D electromagnetic field (EMF) simulation the screw models
made of pure Magnesium were exported into the (CST Studio Suite 2024,
Dassault Systemes). Broadband simulations were conducted using a
transient Finite Integration Technique (FIT) [41] along with the fre-
quency domain solver. The electromagnetic fields corresponding to the
operating frequency of a clinical 3.0 T MRI scanner (f = 123.2 MHz)
were recorded and used in the next simulation steps. The RF body coil
deployed for RF excitation in the simulations followed the data provided
by a MRI system manufacturer [42] where a cylindrical shield (L = 1500
mm and D = 752 mm) encompassing a generic high-pass birdcage coil
(L =713 mm and D = 450 mm) with 16-rungs in circular polarization
was used. This setup enables cross study comparisons and serves as the
foundation setup to assess the effect of degradation parameters while
keeping all other factors the same.

Two simulation setups were examined. The first setup follows the
guidelines provided by ASTM F2182 [30] where a phantom with elec-
trical conductivity 8 = 0.47 S/m and dielectric constant &, = 80 with the
dimensions L = 650 mm, W = 420 mm and H = 90 mm is placed at the
center of the transmit RF body coil of the 3.0 T MRI scanner (Fig. 2). The
screw implants are placed at the middle of the phantom with 30 mm
distance from the side wall (Fig. 2).

For quantitative assessment of RF power deposition to the vicinity of
the implant, the maximum SAR averaged over 1g tissue (SAR1g max) and
point-SAR (SAR averaged over voxel) were recorded. EMF simulations
were conducted with an accuracy of 1,35% SAR1g max [43], resulting in a
maximum mesh resolution of 200 pm, focusing on the region sur-
rounding the implant. Numerical convergence was assessed by extrap-
olating SAR1gmax to infinitesimal mesh size as a function of mesh
resolution (see Supplementary Fig. S1).

The second setup mimics a clinical scenario and involves EMF sim-
ulations in a realistic human voxel model [31]. Screw implants were
placed into the tibia of the male human voxel model “Duke” (Fig. 2).
Simulations were performed on the voxel model to estimate the behavior
of the screw implants in vivo.

Volume reduction: CAD models of the screws (VO-V7) were
incorporated into the EMF simulations using the ASTM F2182 phantom
to quantify the effect of progressive implant volume loss on RF power
deposition, expressed as SAR;g max. TO more comprehensively evaluate
how subtle geometric differences—arising naturally during corro-
sion—may influence RF interference and local SAR, an ensemble of
shape-perturbed models was generated for each degradation volume.
Starting from the baseline models V1-V7, nine additional variants were
created per volume by introducing small, randomized geometric per-
turbations to the surface mesh. Specifically, every node of the surface
triangulation was randomly displaced using a uniform distribution
within a sphere of 0.04 mm radius. This perturbation amplitude was
selected based on two criteria: (i) it introduces realistic stochastic de-
viations that mimic local, uncontrolled corrosion morphology, and (ii) it
ensures that the global screw geometry and degradation stage remain
unchanged, with total volume preserved within +0.1% of the target
volume state.

This ensemble-based approach (10 models per volume) allows
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Fig. 1. Schematic view of the Mg-based screw model used in the electromagnetic field simulations. A) Volume reduction (V0-V7) corresponding to degradation time
points of the 70 mm long screw model. B) An overlay of different degradation volumes (V0-V7) of the 70 mm screw, showing the cross-sections and border contours

of the degraded screw samples.

Table 1

Relative remaining volume (%) of screws at distinct but
arbitrary levels of degradation. The table compares 70
mm screw models, with degraded volumes (V1-V7)
normalized to VO (non-degraded model).

Time point Relative Volume%
Y 100%
V1 90%
V2 78%
V3 66%
V4 52%
V5 39%
V6 23%
v7 12%

quantification of the variability in SARjgmax attributable solely to
naturalistic geometric differences rather than gross volumetric change.
Notably, this is important because regions of high curvature and small-
scale shape modulation strongly influence local electric-field enhance-
ment and thus SAR. By sampling multiple realizations for each degra-
dation stage, the simulations provide statistically robust estimates of
SAR variability and ensure that conclusions about the effect of volume
reduction are not dependent on a single, idealized geometric
representation.

Surface roughening: The influence of corrosion-induced surface
roughness on RF power deposition was modeled using the Hammer-
stad-Jensen formulation [44], which provides an impedance-based
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correction to account for the increased effective surface resistance of a
conductor with non-smooth topography. In the electromagnetic solver,
this correction was applied through the built-in function of the elec-
tromagnetic solver, enabling a direct modification of the metal's effec-
tive surface impedance without altering the underlying screw geometry.
The root-mean-square (RMS) roughness amplitude was varied from 0 to
500 pm in 100 pm increments, spanning the range of surface features
expected during intermediate and late-stage Mg corrosion. These values
correspond to progressively more pronounced lateral pitting and
micro-topographical irregularities that are commonly observed in
biodegradable magnesium alloys.

To isolate the sole contribution of surface roughening—and avoid
confounding effects from volume loss, edge smoothing, or degradation-
layer formation—the simulations were performed using an otherwise
non-degraded screw model with identical mesh resolution across all
roughness conditions. SARignax Was computed for each roughness
amplitude, allowing a controlled assessment of how increases in effec-
tive surface impedance modulate the induced current distribution and
associated RF energy deposition in surrounding tissue.

Degradation layer thickness: The impact of the thickness of the
degradation layer was examined by varying the thickness from 0 to 50
pm in 10 pm increments employing a non-degraded screw model. In the
simulations, the corrosion layer is set to replace the surface of the screw,
hence shifting the boundary of the metal. The simulations were per-
formed to calculate SARjgmax as a function of the degradation layer
thickness.

The effect of the corrosion layer developing on the screw surface was
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Screw implant

RF-shield

Fig. 2. Setup used for the electromagnetic field simulations including an RF-shield, a 16-rung high-pass body RF coil. left) For the simulations an ASTM-F2182
standard phantom containing a Mg-based screw implant (red arrow) was placed at the center of the superior-inferior direction with 30 mm distance from the
side wall. right) For the EMF simulations mimicking a clinical scenario the human voxel model Duke was used with a screw implant placed in the tibia (red arrow).

evaluated by systematically varying the thickness of the magnesium
hydroxide layer from 0 to 50 pm in 10 pm increments, using an other-
wise non-degraded screw model to ensure that only the presence of the
dielectric coating influenced the electromagnetic response. In the sim-
ulations, the degradation layer was implemented as a conformal
dielectric shell that replaced the original metal-tissue interface, effec-
tively shifting the conductive boundary inward while maintaining the
external geometry. This approach captures a key physical consequence
of corrosion-layer formation which is a reduction in the effective
metallic cross-section available for RF-induced current flow. For each
layer thickness, SAR1g max Was computed to quantify how incremental
increases in dielectric-coating thickness influence local field intensifi-
cation and energy deposition in adjacent tissue. This controlled
parameter sweep provides a focused assessment of the electromagnetic
implications of early-stage degradation-layer growth, independent of
other concurrent degradation mechanisms.

Fractures: The influence of implant fractures on RF power deposi-
tion and thermal response was investigated by introducing controlled
discontinuities along the screw and systematically varying their geo-
metric characteristics. Depending on the simulation scenario, the frac-
ture gap was filled with either ASTM F2182 phantom material or soft
tissue, thereby representing both phantom-based validation and in-vivo
conditions. The evaluated fracture parameters—width, surface pattern,

Location

Flat fracture pattern

orientation, and location—are illustrated in Fig. 3. To isolate the effect
of each parameter, these factors were varied independently while all
other model features, including mesh resolution and screw geometry,
were held constant. The non-degraded screw (VO) served as the baseline
reference for all comparisons.

Fractures oriented perpendicular to the screw's long axis (6 = 90°)
were first evaluated across a range of widths from 0.1 mm to 0.5 mm in
0.1 mm increments. For each width, SAR;gmay in the vicinity of the
implant was computed to quantify how increasing capacitive disconti-
nuity affects local field intensification. The effect of fracture surface
pattern was assessed using a 0.2 mm-wide fracture located at the
implant center. Ten randomized surface textures—each comprising
irregular peaks and valleys with amplitudes up to +0.1 mm (half the
fracture width, ensuring no self-intersections)—were generated to
emulate realistic, non-ideal fracture morphology. These were bench-
marked against a smooth, planar fracture surface.

To evaluate orientation effects, the fracture angle 6 was varied from
90° (perpendicular) to 30° in 10° decrements, using the same 0.2 mm-
wide central fracture. SAR;g was recorded for each orientation and
normalized to the 6 = 90° condition to quantify how alignment with the
primary induced current direction alters local energy deposition. Frac-
ture location effects were examined by shifting a 0.2 mm-wide
perpendicular fracture along the screw in 3 mm increments from one tip

Orientation (8)

AL —— |

IHeight

Bridged fracture

Rough fracture pattern

Fig. 3. Demonstration of fracture parameters including location along the long axis of the screw, orientation with respect to the long axis of the screw, fracture
width, and textures. The texture includes: flat fracture, bridged fracture where two pieces of implant are connected along a bridge defined with its height and

rough fracture.
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to the other. Because SAR;g averaging can mask small, localized vari-
ations, maximum point-SAR was used as a more sensitive metric for this
parameter sweep.

Finally, a clinically realistic “bridged fracture” configuration—-
where the two screw segments remain partially connected via a residual
metallic bridge—was modeled using a 0.2 mm fracture at the center of
the implant. Bridge height was varied to assess how partial electrical
continuity modifies the implant's RF-induced current distribution and
associated SAR patterns.

2.5. From SAR to temperature: experimental assessment of MRI heating
of a biodegradable screw

MRI heating experiments were performed to validate the thermal
simulations and to characterize the influence of implant fracture under
controlled radiofrequency (RF) exposure. All experiments were con-
ducted on a clinical 3.0 T whole-body MRI system (SkyraFit, Siemens
Healthineers, Erlangen, Germany) using the integrated body RF transmit
coil.

A rectangular phantom container (600 mm x 400 mm x 90 mm) was
filled with the ASTM F2182-compliant gelled saline solution. The elec-
trical properties of the phantom were verified before each measurement
using a Dielectric Assessment Kit (DAK-12, SPEAG, Switzerland) to
ensure that conductivity and permittivity remained within ASTM
tolerance. After preparation, the phantom was sealed with a plastic
cover to limit evaporative cooling and placed inside the MRI bore for a
minimum of 24 h to allow full thermal equilibration with room
temperature.

Fractured and non-fractured magnesium screws were suspended in-
side the phantom using a thin, non-conductive 3D-printed holder made
of clear resin, which was submerged in the ASTM phantom gel (Fig. 4).
The holder was designed to position the implant at a height of 45 mm

Fig. 4. Experimental setup used for validation of the temperature simulations.
Screw holder setup used for phantom experiments of tissue heating due to
implant fracture (zoomed view, top). A fractured implant and the exact non-
fractured implant were used for MRI heating measurements. The screws are
70 mm long and are suspended in the phantom at a 45 mm distance from the
bottom of the phantom. The material used to fill the phantom was prepared
following the ASTM F2182 guidelines.
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above the phantom base and 30 mm from the side wall, while main-
taining a small and consistent separation distance from the implant to
reduce RF field perturbation. A non-conductive cotton string was used to
secure the screw, avoiding any unintended electromagnetic coupling
between the implant and the support structure. The same positioning
protocol was applied for both fractured and non-fractured screws to
ensure comparability across measurements.

Temperature was recorded at the tips and center of the fractured and
non-fractured implants using fiber-optic temperature sensors with
+0.1 °C accuracy (model T1, Neoptix Inc., Québec, Canada) and a
temporal resolution of 1 s. The probes were tied to the implant holder
using cotton strings, ensuring consistent contact without introducing
conductive materials or adhesives.

RF heating was induced using a fast spin-echo sequence with a high
RF duty cycle (TR = 5820 ms, TE = 6.8 ms, echo-train length = 8, RF
refocusing flip angle = 120°, 24 slices, 20 averages). The scanner's in-
ternal RF calibration routine was used to set and maintain an input RF
power of 97 W for a heating duration of 300 s. This protocol was per-
formed twice: once with the fractured screw and once with the non-
fractured reference implant. During each experiment, temperature was
recorded continuously for the entire 300-s exposure period.

All aspects of the setup—including phantom composition, implant
positioning, probe attachment, RF power calibration, and sequence
configuration—were kept identical across experiments to ensure that
observed temperature differences directly reflected the presence or
absence of an implant fracture.

2.6. From SAR to temperature: thermal simulations of MRI heating of a
biodegradable screw in a human voxel model

SAR, averaged over tissue masses, is the standard metric for RF safety
in MRI according to IEC 60601-2-33 [45], but it does not fully represent
local thermal effects, particularly near conductive implants where the
metal's heat conductivity can alter the heating profile. To complement
SAR-based assessment, we simulated RF-induced temperature rise
around a biodegradable screw implanted in the left tibia using the Duke
human voxel model.

The applied RF power corresponded to the IEC whole-body SAR limit
of 2 W/kg, based on the model's mass (70.2 kg) and an absorbed-power
fraction of ~30%. Temperature evolution was computed using the
Pennes bioheat equation [46] with tissue thermal and perfusion prop-
erties from Duck [47], and electromagnetic loss density [48] as the
external heat source.

Three configurations were simulated—intact screw, fractured screw,
and a no-implant reference. The simulation assumed an ambient tem-
perature of 293.15 K and a body temperature of 310.15 K. RF excitation
was applied for 300 s, and the resulting temperature rise was recorded at
10-s intervals.

3. Results

3.1. SARjgmax decreases with volume degradation of the biodegradable
screw

Our simulations revealed that implant volume loss and smoothening
of the sharp edges resulting from the structural degradation show a
direct relation with SAR;g reduction. This is due to the fact that the
electric field which is the main source of energy deposition in tissue is
inversely proportional to the radius of the curvature. Hence, smooth-
ening of the implant surface increase the radius of the curvature and
therefore lowers the electric field, leading to a lower SAR. This result is
in agreement with reports on MRI heating of magnesium based biode-
gradable screw implants [24]. A volume reduction of 48% resulted in a
4% decrease of SAR1 g max Observed for the screw. An 88% degradation of
the implant volume induced a 12% reduction in SAR1g max.

Fig. 6A shows the relative difference of SAR1gmax With respect to
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Fig. 5. MRI setup used for the experimental validation of the temperature simulations. The CAD model shows the implant holder placed inside of the phantom (for
better visualization, the colors are different than real world). The 70 mm screw is suspended at 45 mm height and 30 mm distance from the side wall. The phantom

material is 600 mm long, 400 mm wide and 90 mm high.

SAR;y of the non-degraded screw (V0), which serves as reference. For
each degradation volume (V1-V7), a total of 10 screw models were
considered in the simulations to capture the random variations in
degradation patterns. The resulting SAR1g max values for each volume
are presented as grouped box plots.

3.2. Formation of degradation layer amplifies RF power absorption

During the early stage of the implant degradation, formation of the
degradation layer has a marginal impact on the electromagnetic
response of the screw implant. This is because the layer's thickness is 2-3
orders of magnitude smaller than the RF wavelength in tissue excited by
clinical MR scanners with magnetic field strengths of 1.5T and 3.0T. Yet
our simulations show for a degradation layer thickness of 50 pm an
increment of 0.5% of relative difference of SAR;g with respect to the
reference with no degradation layer. This minor increment is related to
the reduction of the diameter of the screw as the degradation continues.
As a result, the thinner conductor exhibits higher charge density due to
the smaller surface area, resulting in a stronger E-field magnitude [40].
This elevated E-field will in turn increase maximum 1g-SAR [25,27].

Fig. 6B presents the relationship between the relative difference of
SAR1gmax Normalized to the reference with no degradation layer for
various degradation layer thicknesses of magnesium hydroxide (degra-
dation layer material). Increasing the degradation layer thickness is
associated with a higher SAR;1g max With a linear response:

y=0.079X,X € [0,0.05]

Where y represents percentage of the normalized relative difference of
SAR1gmax and X represents the thickness of the degradation layer in mm.
This relationship suggests that the presence of a thicker magnesium
hydroxide layer enhances local energy absorption.

3.3. Increased screw surface roughness reduces RF energy absorption

Surface roughening results from random surface degradation pat-
terns on the surface of the implant which expand laterally. We observed
that higher surface roughness generally leads to lower SAR1g max. This
occurs because greater surface roughness increases the surface imped-
ance, leading to a lower induced current and therefore a lower implant
induced electric field which in turn reduces SAR1gmax [26].

Fig. 6C displays the relative difference of SAR;g may normalized to the
SAR1gmax Of the smooth implant as a function of the root mean square
(RMS) surface roughness. A negative trend was found, where an increase
of surface roughness leads to a decrease in SAR;gmax With the 0.5 mm
(RMS) roughness resulting in 0.28% reduction of SARigmax. This
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suggests that rougher implant surfaces reduce localized energy absorp-
tion, due to changes in the surface impedance of the implant. The data is
best explained by a biexponential equation (R?> = 0.99) with the
parameters:

y= —0.2557¢"1819% 4 (.2583¢ 89%* X € [0,0.5]

Where y represents percentage of the normalized relative difference of
SAR1gmax and X represents the surface roughness in mm.

3.4. Implant fractures introduce highest SAR1g

The current induced on the implant due to RF excitation is respon-
sible for the implant induced energy deposition in the tissues near the
implant. The higher the magnitude of this induced current, the higher
the energy deposition in the vicinity of the implant.

Implant fractures introduce a distinct electromagnetic behavior by
effectively acting as a capacitive discontinuity in series along the
implant. While this discontinuity acts as a barrier to the current flow, the
capacitive behaviour leads to charge accumulation at the fracture site
which in turn generates a new localized and concentrated electric field.
This localized enhancement of the electric field can result in a higher
local SAR;; inside the gap, potentially exceeding the SAR levels
observed in the non-fractured implant.

Conversely, the fracture limits the magnitude of the induced current
to a lower value in comparison to the non-fractured implant (Fig. 7).
This is due to the increased total impedance of the implant caused by the
fracture. This reduced current results in a reduced SAR1g max in regions
away from the fracture and a decrease in total energy deposition in the
tissue surrounding the implant, averaged over any volume encompass-
ing the entire implant. Overall, while the fracture may intensify local-
ized energy deposition near the gap, it also mitigates global SAR risk by
suppressing energy dissipation elsewhere along the implant. This section
demonstrates the effect of different fracture parameters on local SAng
along with the volume energy loss averaged over a 10 x 10 x 80 mm
volume. This volume is selected to be sufficiently large to encompass the
energy deposition in tissue due to the implant.

Fig. 8A-F presents the relative differences in SAR;gmax and point-
SAR (each normalized to the corresponding maximum SAR of the non-
fractured implant) along with the volume loss over a 10 x 10 x 80
mm?, and illustrate the effects of varying fracture width, fracture
orientation, fracture location, and bridged fracture height, respectively.
Fig. 8G shows the impact of a roughened fracture surface, expressed as
the relative difference in maximum point-SAR compared to that of a
fractured implant with a smooth fracture surface.
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Fig. 6. Summary of results derived from the electromagnetic field simulations, A) Box-plots showing changes in SAR4 max due to screw degradation. Each box
represents the distribution of relative difference of SAR;g max for 10 samples corresponding to randomly modified versions of the degradation volumes (V1-V7).
Normalization is performed relative to the non-degraded screw (V0). Figures B and C represent the relative difference of SAR;g max normalized to the intact implant as
a function of B) magnesium hydroxide (degradation layer material) thickness and C) root mean square (RMS) of the surface roughness of the implant.

3.5. Effect of the screw fracture width on SAR1gmax

Increasing the fracture width leads to higher impedance along the
implant, which effectively reduces the induced current. The maximum
energy deposition at each point in the space between the fractured ends
(i.e., point-SAR) is proportional to the component of the induced current
entering the fracture that is normal to the fracture plane. As the fracture
width increases, the induced current decreases, resulting in lower en-
ergy deposition at the fracture site. Additionally, this overall reduction
in induced current leads to a decrease in volumetric power absorption,
averaged over a 10 x 10 x 80 mm® region centered on the implant.
Therefore, increasing the fracture width reduces both the localized en-
ergy deposition (point-SAR) at fracture location and the average power
absorption across the entire implant region.

However, SAR1y at the fracture location does not follow the same
trend as point-SAR, and is not constantly decreasing with the fracture
width. This is because SAR14 is computed by averaging point-SAR over a
1-g tissue volume (approximately 1 cm®). At smaller fracture widths, the
electric fields—and thus the regions of elevated point-SAR—are
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confined within the narrow gap. As the fracture widens, peak point-SAR
decreases, but the electric fields begin to spread over a larger region. As
aresult, SAR;g initially increases with fracture width due to this broader
field distribution. Beyond a certain width, however, the continued
decline in point-SAR outweighs the spatial spread, causing the SAR;g to
decrease.

A visual animation provided in the supplementary document (GIF
file in slide 1) illustrates the spatial distribution of energy deposition
around the implant for different fracture widths, highlighting the vari-
ation in energy loss under each scenario.

Fig. 8A presents the relative difference in SAR;g max normalized to
the non-fractured implant. As the fracture width increases from 0 mm
(no fracture) to 0.7 mm, SAR;g max rises, peaking at a fracture width of
0.3 mm with a 19.1 % increase. Beyond this fracture width, further
widening leads to a reduction in SARjgmay, With a width of 0.8 mm
showing a 0.7% decrease relative to the non-fractured case. Fig. 8B
presents the normalized volume energy loss, averaged over a 10 x 10 x
80 mm? volume, as a function of fracture width from 0 mm (non-frac-
tured implant) to 0.7 mm. A fracture width of 0.1 mm substantially
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Fig. 7. Normalized RF-induced current profiles on the screw for a non-fractured implant (top) and a fractured implant (bottom), with the fracture cross-section

highlighted in red.

reduces the volume energy loss to 66 % of the non-fractured value. The
loss decreases steadily with increasing fracture width, reaching 37 % at a
width of 0.7 mm.

3.6. Orientation-dependent SAR;1¢ peaks in perpendicular screw fractures

As the fracture orientation angle (0) decreases—where 6 = 90° cor-
responds to a 0.2 mm wide fracture perpendicular to the long axis of the
screw—the impedance along the implant is reduced. This lower
impedance increases the total induced current along the implant.
However, the component of the current that is normal to the fracture
plane decreases, since the induced current predominantly flows along
the implant's axis as shown in Fig. 7. When the fracture is angled relative
to the implant, the induced current is no longer perpendicular to the
fracture plane, resulting in a weaker electric field across the fracture gap
and, consequently, a lower SAR;; (and point-SAR) at the fracture site.

Despite this local reduction in energy deposition, the overall increase
in induced current leads to higher power absorption averaged over a 10
x 10 x 80 mm® volume centered on the implant. Therefore, while
reducing the fracture orientation angle reduces the localized SAR;, at
the fracture, it simultaneously increases the volumetric power absorp-
tion in the surrounding tissue.

Fig. 8C shows the effect of the fracture orientation on the relative
difference of SAR1g max with respect to the reference of the non-fractured
implant. As the orientation angle decreases, SAR1gmax decreases. The
highest SAR14 occurs at 8 = 90°, with a 17.4 % increase relative to the
non-fractured case. A 10° decrease in orientation angle results in a 1.6%
reduction in SAR1gmax compared to the 6 = 90°, and this decreasing
trend continues, reaching a 2.5 % reduction at 6 = 30° compared to the
SAR1gmax Of non-fractured implant. Fig. 8D shows the volume energy
loss over a 10 x 10 x 80 mm® volume concentric with the implant,
normalized to the value for the non-fractured implant. A perpendicular
fracture exhibits the lowest volumetric energy loss, at 55 % of the non-
fractured implant's value. The volumetric energy loss increases steadily
as the fracture orientation (0) decreases, with 6 = 30° showing the
highest normalized loss at 66 %.
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3.7. Shifting screw fracture location toward the center of the screw
increases maximum Point-SAR

To investigate the effect of fracture location on RF power deposition,
a 0.2 mm-wide fracture was systematically shifted along the length of
the implant in 3 mm intervals. Because the SAR;g averaging volume
(roughly 10 x 10 x 10 mm®) can encompass multiple sampled fracture
positions—thus reducing spatial resolution—the maximum point-SAR
was used as a more sensitive and location-specific metric.

The simulations revealed that maximum point-SAR increases as the
fracture moves from the implant tips toward its center. This trend is
explained by the approximately sinusoidal distribution of the induced
current along the implant, which peaks at the center. A fracture located
near the center, acting as a capacitive discontinuity, experiences the
highest current. Since the induced voltage—and thus the local electric
field—is proportional to the current at the fracture site, a central frac-
ture leads to a stronger electric field and, consequently, a higher point-
SAR.

Fig. 8E shows the relative change in maximum point-SAR versus the
non-fractured reference, as a function of fracture location. The implant
center is defined at 0 mm, with negative values indicating positions
toward the rear end of the implant. Our results demonstrate a clear
dependency of point-SAR on fracture location, with the highest value
occurring for the fracture being positioned at the center of the screw. In
this case, the point-SAR increased by 472.3 % compared to the non-
fractured reference.

3.8. Bridged screw fractures behave similar to non-fractured screws

The scenario where implant segments remain connected by a small
bridging segment is presented in Fig. 8F. The relative difference of
SAR1gmax normalized to the SARjgmax of the non-fractured implant
demonstrates a negligible effect on the RF power deposition. This
behavior remains unchanged as the bridge height increases, suggesting
that the presence of the bridging segment preserves the local energy
absorption pattern of the non-fractured implant. The bridged segments
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present maximum 1g-SAR, all normalized to the corresponding value obtained for the non-fractured implant.

of the screw continue to function similarly to an intact implant, as the
bridge maintains electrical continuity by allowing current to flow be-
tween the separated pieces.

3.9. Roughened screw fracture surface increases the maximum Point-SAR

So far, our results refer to a smooth fracture surface pattern. Next, we
studied the impact of roughened fracture surface patterns, which
showed an increase in SAR1gmax compared to a flat fracture surface
pattern. This phenomenon is primarily due to the introduction of sharp
edges on the fracture surface. The box-plot in Fig. 8G illustrates the
distribution of the relative difference of SAR1gmax for 10 randomly
generated fracture surface patterns, normalized to the SAR;g may of a flat
fracture, with all fractures positioned at the center of the implant using a
fracture width of 0.2 mm. The variation in SARyq, with an average
normalized rise of 0.56 %, suggests that fractured patterns increase the
localized energy absorption. However, this increase was below 1 % for
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all of the investigated cases.

3.10. MRI-induced heating is reduced in fractured screw implants
compared to non-fractured configurations

Temperature simulations were performed as a complementary step
to the SAR simulations. While SAR quantifies the spatial distribution of
RF energy deposition averaged over mass, temperature rise character-
izes how this energy is dissipated within tissue. Furthermore, unlike
SAR, temperature rise can be directly compared with experimental
measurements for validation.

The simulated temperature time courses (t = 0-300 s) for the frac-
tured and non-fractured screw implants are presented in Fig. 9A and B,
respectively. For the non-fractured screw implant, the greatest temper-
ature rise occurred at the rear tip (AT = 3.96 K), followed by the front tip
(AT = 3.63K) and the center (AT = 1.82 K). In the fractured implant, the
maximum temperature rise was observed at the fracture site in the
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Fig. 9. Synopsis of the results obtained from temperature simulations (top) and from MRI heating experiments (bottom). Comparison of temperature increases at the
tips (blue and black lines) and center (red or yellow lines) of a fractured and non-fractured screw implant. (A, B) Results derived from temperature simulations. (C, D)
Corresponding results obtained from MRI heating experiments using a modified ASTM F2182 phantom. The implant's central fracture is illustrated in Figs. 4 and 5.

center (AT = 2.26 K), with lower values at the rear tip (AT = 1.71 K) and
the front tip (AT = 1.56 K).

Experimental validation of the temperature simulations was per-
formed using MRI-based heating measurements in a dedicated phantom,
following ASTM standards. The experimentally measured temperature
time courses (t = 0-300 s) for the fractured and non-fractured screw
implants are shown in Fig. 9C and D, respectively. A detailed analysis of
these experimental data revealed that, for the non-fractured screw
implant, the largest temperature rise occurred at the rear tip (AT = 4.13
K), followed by the front tip (AT = 3.52 K) and the center (AT = 1.93 K).
For the fractured implant, the highest temperature rise was measured at
the fracture site in the center (AT = 1.70 K), with smaller increases at the
rear tip (AT = 1.00 K) and the front tip (AT = 0.90 K).

3.11. The fractured implant redistributes thermal energy, acting as a heat
sink

Although the SAR;; and point-SAR values are higher for the frac-
tured implant than for the non-fractured one, our temperature simula-
tions and heating experiments showed greater temperature elevation at
the tips of the non-fractured implant.

To investigate the role of the screw implant's thermal conductivity on
the temperature rise, an additional thermal simulation was performed.
In this simulation, the power loss distribution from both fractured and
non-fractured screw implants—placed inside the ASTM F2182 phan-
tom—was imported into a temperature model as the heat source, but the
screws themselves were excluded. This setup represents a scenario
where the screw contributes no thermal conductivity, allowing heat to
disperse solely through the phantom's thermal properties. The objective
was to assess the screw's influence on temperature distribution.

Fig. 10A and 9B show simulations with fractured and non-fractured
screw implants, respectively, while Fig. 10C and 9D depict simulations
without screws. Color-coded arrows indicate locations where tempera-
ture elevation was tracked over 300 s at 5-s intervals. The temperature
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maps show that the screw helps distribute thermal energy along its
length, with the fractured screw implant demonstrating more effective
heat dissipation. This is because the material in between the fracture
region, which induces the highest local SAR, is surrounded by the screw
(metal with high thermal conductivity), allowing for better energy dis-
tribution and heat transfer to the phantom, thus preventing localized
temperature spikes. In contrast, the non-fractured screw is less effective
at heat distribution, resulting in more concentrated heating at its tips.

Additionally, Fig. 10C and D show that removing the screw—and
thus eliminating its thermal conductivity—results in highest tempera-
ture rise in fracture region. The peak temperature reaches AT=14.1 °C
for the fractured implant and AT=7.5 °C for the non-fractured implant,
highlighting the screw's role in thermal distribution.

The results can be explained using heat transfer equation:

a xV-(kVT)+Q

ot

where T is temperature, k is thermal conductivity, and Q represents RF
energy. Owing to its high thermal conductivity, the metallic implant
rapidly redistributes the RF energy (i.e. local SAR1g) along its length
(V-(kVT)), such that is efficiently conducted away and dispersed into
the surrounding volume, thereby limiting local temperature elevation.
In contrast, in the absence of the fractured implant, no conductive
pathway exists to redistribute the deposited energy, leading to heat
accumulation and the formation of a localized region of elevated tem-
perature adjacent to the fracture site.

3.12. Temperature rise in a human voxel model

To mimic a clinical scenario a compressions screw (1 = 70 mm) was
placed into the tibia of the human voxel model Duke. The IEC 60601-2-
33 guideline [45] limits the maximum local permissible temperature
during MRI to 39 °C and 40 °C and the increase of the body core tem-
perature to 0.5 °C and 1 °C for normal and first-level controlled
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Fig. 10. Assessment of the influence of metal thermal conductivity on temperature distribution using thermal simulations. Color-coded arrows indicate the locations
where the temperature time course was tracked over 300 s at 5-s intervals, with corresponding temperature evolution graphs shown below each temperature map.
Temperature elevation maps correspond to: A) fractured screw implant, B) non-fractured screw implant, C) no screw (using power loss density from the fractured
implant simulation), and D) no screw (using power loss density from the non-fractured implant simulation).

operation modes.

Our heating paradigm (97 W input power for a duration of 300 s)
resulted in a whole-body SAR of 2 W/kg. With this RF power deposition,
the temperature rise around the fractured implant remained below the
39 °C permissible limit for normal operation mode (Fig. 11). In contrast,
the non-fractured implant reached temperatures up to 40.6 °C,

exceeding the maximum temperature limit specified by the IEC 60601-
2-33 guidelines.

4. Discussion
4.1. Key findings

To the best of our knowledge, this study is the first to provide a
systematic, parameter-wise evaluation of degradation-related mecha-
nisms and to quantify their individual effects on RF energy absorption
and thermal responses of biodegradable magnesium-based screw im-
plants under MRI exposure. The results demonstrate that implant
degradation, whether through volume loss, formation of a degradation
layer, changes in surface roughness, or mechanical fracture has a
multifaceted impact on both the electromagnetic properties and the
consequent thermal behavior of the device. These findings have major
impact on the science and engineering of next generation of biode-
gradable implants.
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The main contribution of the present work is its systematic modeling
approach, which enables parameter-resolved analysis that is challenging
- if not prohibitive - to achieve experimentally. Direct experimental
validation of the EMF simulations is provided for fracture scenarios, as
these can be reproducibly implemented, whereas isolating individual
degradation mechanisms such as volume loss or surface roughness is
extremely challenging because they evolve concurrently during in-vitro
degradation. However, the trends derived from our simulations are in
line with previous studies using specific experimental setups. These
preliminary studies suggested that implant diameter and conductive
cross-section affect RF heating [25,27] and indicated that increased
surface roughness can reduce RF heating [26]. The observed reduction
in SAR with implant volume loss is consistent with our experimental
MRI heating measurements on biodegradable magnesium screws [24].

4.2. Degradation and electromagnetic response

Electrically conductive implants exposed to radiofrequency (RF)
fields during MRI exhibit behavior analogous to that of dipole antennas.
Consequently, structural changes occurring during degradation alter the
electromagnetic response of the implant and, in turn, modify its MRI
safety characteristics over time. Our findings show that a reduction in
implant volume, accompanied by the smoothing of sharp edges, is
associated with a decrease in maximum 1g-SAR. This effect is due to an
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increase in the local radius of curvature, which reduces the concentra-
tion of electric fields at critical points. Interestingly, the formation of a
degradation layer—primarily composed of magnesium hydrox-
ide—results in only a slight increase in SAR14 (approximately 0.5% for a
50 pm layer), suggesting that even minor dimensional changes can in-
fluence charge distribution and local field intensity. Moreover, greater
surface roughness appears to reduce 1g-SAR, due to the higher surface
impedance, which impedes the flow of induced currents along the
implant surface. These observations suggest that engineering the ma-
terial to accelerate the degradation of sharp edges—resulting in a
smoother, edge-free geometry (e.g., a screw losing its threads more
rapidly)—while simultaneously promoting surface roughening during
degradation could be an effective strategy for mitigating implant-
induced heating during MRI.

4.3. Impact of fracture on SAR and thermal distribution

The presence of implant fractures introduces complex electromag-
netic behavior by adding localized capacitance along the screw. The
results demonstrate a non-monotonic relationship between fracture
width and specific absorption rate (SAR). As the fracture width increases
up to a certain threshold, the SAR;; remains higher than that of the non-
fractured implant and reaches a peak within this range. Beyond this
threshold, further widening of the fracture leads to a reduction in 1g-
SAR. Additionally, fracture orientation influences 1g-SAR, with
perpendicular fractures producing higher values. Fracture position also
affects point-SAR, with centrally located fractures exhibiting higher
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point-SAR due to elevated current density, which follows a sinusoidal
distribution along the implant. Furthermore, the bridged fracture does
not modify the energy deposition pattern observed by the non-fractured
implant.

Thermal simulations and MRI experiments complement the SAR;q
and point-SAR findings derived from our numerical simulations. While
fractured implants exhibit localized increases in SAR, they also show
enhanced heat transfer capability. The presence of fractures leads to a
more uniform redistribution of thermal energy along the implant,
resulting in lower temperature elevations at the screw tips compared to
intact implants. In the human voxel model, following 300 s of exposure
to the maximum permissible RF power, the fractured implant, main-
tained temperatures below 39 °C, whereas the non-fractured implant
surpassed the 40 °C safety threshold. To minimize the uncertainty
budget of the simulations and of the experimental measurements and to
ensure reliability of our data, several extra measures were taken. 1) The
simulation accuracy was assessed by carefully examining the simulation
uncertainty as a function of mesh size, as outlined in Supplementary
Fig. S1. For a mesh size of 100 pm, an error of less than 1% was achieved.
However, this mesh size would substantially increase the computational
burden. To balance the trade-off between numerical accuracy and
computational efficiency, a mesh resolution of 200 pm was used for all
simulations, ensuring that the simulation error remains below 1.35% for
SAR1gmax and supporting the reliability of our data. 2) For the experi-
mental design and setup, we carefully followed the ASTM F2182
guidelines step by step to ensure the reliability and reproducibility of our
data. Not only did we follow the ASTM guidelines, but we also validated
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the electrical properties of the phantom gel used in the experiments by
measuring permittivity and conductivity. This represents an additional
step not required by the ASTM guideline and further supports the reli-
ability of our data. 3) To ensure accurate and reproducible positioning of
the screws during the experiments, we developed a thin, non-conductive
3D-printed holder made of clear resin, which was submerged in the
ASTM F2182 phantom gel. The holder was designed to position the
implant at a height of 45 mm above the phantom base and 30 mm from
the side wall, while maintaining a consistent separation distance from
the implant to reduce RF field perturbation. A non-conductive cotton
string was used to secure the screw, avoiding any unintended electro-
magnetic coupling between the implant and the support structure. This
holder also enabled accurate positioning of the fiber optic thermal
sensors used for the temperature measurements, which have an accuracy
of +0.1 °C accuracy. 4) We ensured that the phantom was placed in the
scanner room 24 h prior to the experiments to allow it to reach thermal
equilibrium at room temperature and to minimize the potential impact
of environmental temperature changes in the vicinity of the implant.

4.4. Mechanistic insights for material science and engineering and for
clinical implications

The observed reduction in SAR with volume degradation and
increased surface roughness supports the concept of utilizing geometric
modifications to effectively reduce the concentration of RF energy in
surrounding tissue. Specifically, designing orthopedic implants with a
higher degradation rate at the sharper edges, while maintaining the
implant's load-bearing capabilities, could lead to a favorable reduction
in tissue heating, thereby improving MRI safety. This approach could
improve the transition of the implant towards less tissue-damaging
phases more quickly, promoting safer outcomes during MRI procedures.

Furthermore, the thermal impact of fractures—by enhancing overall
thermal distribution to surrounding tissues—suggests that intentionally
engineered fractures or degradation features could offer thermal safety
benefits. The role of the implant's thermal conductivity is especially
significant; acting as a heat sink, the screw helps redistribute thermal
energy, thereby preventing localized temperature spikes that could
otherwise pose risks to surrounding tissues.

Furthermore, our findings indicate that the highest RF heating risk
occurs shortly after implantation when the implant is intact, high-
lighting the importance of carefully designed MRI protocols used for
post-implantation monitoring and potentially favoring a controlled
degradation process to reduce long-term thermal risk.

To mechanistically link MRI safety with material composition, future
designs of biodegradable implants should focus on increasing overall
and surface impedance through targeted modifications of material
chemistry and microstructure. Engineering materials to exhibit pre-
defined bio-corrosion behavior to generate intentional, well-positioned
fracture sites—strategically positioned based on RF interaction charac-
teristics—may further enhance MRI safety. Such microstructural tuning
would ensure that degradation proceeds along pathways that system-
atically diminish RF coupling and thermal risk.

To summarize, these findings have significant clinical implications
for the design and evaluation of biodegradable passive metal-based or-
thopedic implants used in patients undergoing MRI.

4.5. Limitations and future directions

While the present study offers insights into degradation-dependent
electromagnetic and thermal responses of biodegradable screws,
several limitations should be acknowledged. The electromagnetic field
simulations were conducted using well-established human voxel models
for MRI safety assessment; however, these models are based on discrete
meshing and do not fully represent continuous anatomical structures,
nor do they account for MRI-induced physiological variability. In
addition, the experimental analyses employed idealized degradation
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profiles, which may not fully reflect the complexity and variability of
degradation processes under clinical conditions. Nevertheless, the un-
derlying concepts and trends illustrated in this study remain applicable
across a range of degradation conditions.

5. Conclusion

This study systematically examined the influence of key degradation-
related parameters on MRI-induced heating of biodegradable magne-
sium screw implants. Our findings indicate progressive degradation,
including volume reduction and softening of sharp edges, reduces RF
power deposition, with SAR1g max decreasing by up to 12% at advanced
degradation stages. Increased surface roughness further reduced SAR1g,
max (0.28% at an RMS roughness of 0.5 mm), whereas formation of a
magnesium hydroxide degradation layer had only a minor effect on RF
power deposition (<0.5% change in SARjgmay). Although implant
fractures increased localized SAR1g max by up to 19.1%, simulations and
MRI heating experiments demonstrated that fractured screws redis-
tribute RF-induced heat more uniformly, resulting in lower peak tem-
perature elevations compared with non-fractured screws. Importantly,
these findings suggest that engineered degradation pathways—such as
accelerated smoothing of sharp features or the incorporation of
controlled fracture locations—could be intentionally leveraged to miti-
gate RF-induced heating, thereby improving the MRI safety profile of
biodegradable orthopedic implants.

To conclude, our findings provide critical design criteria for biode-
gradable implants including a higher degradation rate of the sharp edges
and intentional fracture points, aiming to promote the development of
next-generation orthopedic implants that ensure effective biological
resorption and minimal thermal risk during diagnostic MRI.
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