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ABSTRACT
Background: Permanent magnet implants are used with several medical and assistive devices, such as cochlear implants, dental 
attachments, and prosthetic control, but raise caution for MR imaging. Previous work has evaluated several magnet implants for 
position and magnetization stability, as well as for image artifacts under MRI. Yet, the intramuscular magnets used for prosthetic 
control still require evaluation for potential MRI conditionality.
Purpose: To investigate the position and magnetization stability of and image artifacts from 3-mm-diameter spherical perma-
nent magnets (Br = 1.393 T, Hci = 1.637 MA/m) implanted within muscle.
Study Type: Prospective longitudinal study.
Animal Model: Porcine; one animal, eight muscles.
Field Strength/Sequence: 0.55-T, 1.5-T/SE, GRE.
Assessment: Permanent magnets and nonmagnetic controls were implanted into eight muscles and exposed to 1.5-T MRI 
36 days post-implantation. All sites were examined histologically for evidence of implant migration (acute fibrotic response or 
fibrotic capsule disruption). Benchtop studies evaluated worst-case demagnetization and image artifacts (artifact radius minus 
implant radius). The primary measure of position stability was histological examination interpreting characteristics of progres-
sive skeletal muscle healing. Secondary position stability analysis was performed via CT imaging.
Statistical Tests: Unpaired one-sided sign test with a significance level of 0.05. Demagnetization and imaging artifacts were 
summarized as maximums.
Results: Fibrotic capsules were similarly intact at permanent magnet and control sites (fibrotic capsule thicknesses: 20–550 μm 
[magnets], 20–220 μm [controls]). No effect of MRI exposure on implant migration was observed via secondary analysis (p = 0.965 
[0.55-T], p = 0.996 [1.5-T]). Maximum demagnetization was 2.1% under 0.55-T exposure and 13.5% under 1.5-T exposure, and 
maximum image artifact was 71 mm at both imaging strengths.
Data Conclusion: The permanent magnet implants used in this study were resistant to migration and substantial demagneti-
zation under 0.55-T and 1.5-T MRI exposure and resulted in negligible image artifacts for critical organ imaging, suggesting that 
the presence of these implants does not preclude a patient from receiving MR imaging up to 1.5T.
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Evidence Level: N/A.
Technical Efficacy: Stage 5: Improvements in patient care.

1   |   Introduction

Permanent magnet implants provide a variety of advantages in the 
contexts of medical, aesthetic, and assistive devices. They facili-
tate attachment and alignment, as in cochlear implants [1], bone 
conduction implants [2] and breast tissue expander magnetic in-
fusion ports [3], as well as attachment and retention, as in snap-on 
dentures [4] and aesthetic prostheses [5]. Permanent magnets are 
also used to enable actuation of implanted medical devices, such as 
magnetically controlled growth rods [6] and blood pumps [7]. The 
use of magnetic implants in various surgical procedures has also 
grown steadily over the past 50 years [8]. Recently, surgeons work-
ing together with engineers have also implanted permanent mag-
nets into muscles to enable real-time control over prostheses [9].

While magnetic implants provide various medical benefits, they 
also raise caution for MR imaging. MR imaging provides substan-
tial clinical benefits, allowing many diagnostics to be performed 
non-invasively. The above devices have various levels of MRI 
conditionality, even varying from one product to another within 
a given application. In light of recent findings on the societal can-
cer risk burden of CT scans [10], the proportion of diagnostics 
performed via MRI will likely continue to increase as MR imag-
ing methods expand in diagnostic usefulness to a larger span of 
tissues and pathologies [11], as MRI machines become more ac-
cessible [12], and as MR imaging speed increases [13]. Thus, it is 
important that the effects of MRI on magnetic implants, as well as 
the effects of the implants on the MR images, be well understood. 
Specifically, permanent magnet implants should be evaluated for 
their (i) position stability against migration in tissue, (ii) resistance 
to demagnetization, and (iii) extent of imaging artifacts. In this 
work, we aimed to provide a framework to evaluate a permanent 
magnet implant in these ways to test for potential MRI condition-
ality, within the specific context of 1.5-T imaging with small per-
manent magnets implanted within a muscle (see Figure 1).

2   |   Materials and Methods

This work was approved by the Institutional Animal Care and 
Use Committees at MED Institute, Purdue University, and the 
Massachusetts Institute of Technology. One animal (one female 
domestic swine, 54 kg) was procured from Oak Hill Genetics 
(Ewing, IL) and cared for in the institution's animal care fa-
cility in accordance with institutional guidelines. The animal 
study and histological analysis were performed under good lab-
oratory practice (GLP) compliance (USFDA, Code of Federal 
Regulations, Title 21, Part 58—Good Laboratory Practice for 
Nonclinical Laboratory Studies).

The permanent magnet implants tested in this work are de-
scribed in more detail in previous work [14]. Briefly, the im-
plants are 3-mm-diameter spherical permanent magnets 
(3 mm + 0.020/−0.070 mm) that have been coated with approx-
imately 5 μm of gold and 21 μm of Parylene C. The magnets 
are grade N48SH, with manufacturer-reported parameters 

of residual flux density Br = 1.393 T and intrinsic coercivity 
Hci = 1.637 MA/m. Before beginning testing, we exposed the 
magnets to 3-T magnetic fields both in simulation and empiri-
cally, and we used these first results to narrow the scope of the 
experiments to 1.5-T exposure and less.

We performed force and torque testing according to ASTM 
Standards F2052-21 [15] and F2213-17 [16] (see Supporting 
Information: Section  1 as well as Figures  S1 and S2 for de-
tails of this testing). Measurements were performed in 0.55-T 
and 1.5-T scanners with measurements of the magnetic fields 
and gradients, and then results were converted into values 
expected at worst-case conditions. However, though position 
stability is often considered in the context of standard force 
and torque measurement testing [17], noting that dislodge-
ment is tissue-attachment specific [18], these force and torque 
measurements were measured solely for reference, with no 
intention to use them as a primary determinant of implant po-
sition stability.

To test for position stability, we implanted one permanent magnet 
(described above), one nonmagnetic control (2.73-mm-diameter 
tantalum sphere, B2730-BU2-S00, X-medics, Hvidovre, 
Denmark), and three reference implants (1.6-mm-diameter 
tantalum spheres, B1600-BU2-S80, X-medics) into each of eight 
muscles in one pig. The nonmagnetic control was used both as 
a histological control and as a CT perceived movement control, 
and the reference implants were used as position references to 
calculate the perceived movement of the magnet and control 
before versus after MRI exposure. Figure  2 details the loca-
tions of these implants. Implantation was performed similarly 
to methods described in other work [14]. For a representative 
photograph of a test site, see Figure  S3. All control implants 

FIGURE 1    |    MR Imaging of a patient with permanent magnets im-
planted in a muscle. In the case of muscle interfaces such as magne-
tomicrometry, small permanent magnets are implanted into a patient's 
muscles for control over a prosthesis or other device. The effects of these 
magnets on the MRI image, and the effects of the MRI on the magnets, 
are considered in this work.

 15222586, 2026, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jm

ri.70126 by U
niversity of N

orth C
arolina at C

hapel H
ill, W

iley O
nline L

ibrary on [19/05/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



565Journal of Magnetic Resonance Imaging, 2026

were cleaned and passivated according to ASTM F86 [19] and 
autoclaved before implantation. Control implants were coated 
with identical methods to the permanent magnet implants, 
with 20–30 μm Parylene C applied in a class 10,000 cleanroom 
(Specialty Coating Systems, Clear Lake, Wisconsin, USA). The 
animal was exposed to 1.5-T MR imaging (31 min) at 36 days 
post-implantation (following an earlier exposure to 0.55-T MR 
imaging at 28 days post-implantation) and was kept alive for 
72 h. The animal was then euthanized, and the magnet and con-
trol implant sites were harvested and fixed in 10% neutral buff-
ered formalin for histological examination.

To determine each implant location, we iteratively repositioned 
a small titanium wire ring on the top of each sample between 
consecutive high-resolution radiography images (XPERT 80-L 
Digital Radiography Machine, KUBTEC Scientific, Stratford, 

Connecticut, USA) and marked the implant location with tis-
sue dye (MER DYE8R, Mercedes Scientific, Lakewood Ranch, 
Florida, USA) once the implant was centered within the ring, 
as seen in the image. We then used a nonmagnetic (ceramic) 
knife to trim the samples down to 1 cm cubes centered around 
each implant. We progressively dehydrated the samples with 
reagent alcohol (ACS grade, anhydrous; ~90% ethanol, ~5% 
methanol, ~5% isopropanol; RS4029; Avantik, Pine Brook, 
New Jersey, USA) for 4 h at each of 70%, 95%, and 100%, cleared 
the tissues with xylene, and embedded each in Spurr resin. 
Again using high-resolution radiography, and with a straight 
titanium wire, we marked the precise location of each implant 
within the Spurr resin blocks. We sawed through each block di-
rectly through the center of the implant using a saw microtome 
equipped with a diamond blade (SP1600, Leica Biosystems, 
Nussloch, Germany), then used a drill bit and drill press to eject 
the remaining portion of the implant from behind. We then 
sectioned each block at 5-μm thickness on a rotary microtome 
(HistoCore Autocut, Leica Biosystems) and stained all slides 
with hematoxylin and eosin. LTL, a board-certified veterinary 
pathologist with 13 years of experience, then interpreted char-
acteristics of progressive healing associated with magnet and 
control implants within the target tissues, including any al-
terations to the skeletal muscle, proliferation of fibrovascular 
tissue, inflammation, necrosis, or other pathologically relevant 
changes around the implants.

For the secondary position stability analysis, we imaged via CT 
(GE LightSpeed VCT; helical mode, 120 kVp, 350 mA, 1 s rota-
tion time, 0.625 mm slice thickness, 0.977 mm pixel spacing, 

Plain Language Summary

Some people have magnets implanted in their bodies. 
Implanted magnets let people control prostheses, let 
people attach things to themselves, and let doctors con-
trol things inside the body. But can a person be imaged 
by MRI if they have a magnetic implants? The authors 
checked to see if sesame-seed-sized neodymium magnets 
in muscle could tolerate a 1.5-T MRI, and they found that 
the magnets remained magnetized and did not move. 
These results mean that people with implanted magnets 
can still benefit from up to 1.5-T MRI.

FIGURE 2    |    Analysis of permanent magnet and nonmagnetic control implant positions pre versus post MRI exposure. In each of eight muscles 
in one pig, we implanted a permanent magnet (highlighted in gold) and a nonmagnetic (tantalum) control (highlighted in blue). The main strategy 
we used to evaluate potential migration was histology. However, as a secondary evaluation of implant position stability, we also implanted three 
nonmagnetic (tantalum) position reference implants (highlighted in green) around each magnet. These reference implants provided a reference co-
ordinate system to evaluate differences in position measurements within the computed tomography (CT) images for the magnets and controls. The 
left and right images represent transverse and dorsal views, respectively. The implants were placed in the left gluteus medius (GM), biceps femoris 
(BF), rectus femoris (RF), and semimembranosus (SM) muscles, and into the right SM, RF, BF, and GM muscles (listed here corresponding roughly 
to their clockwise arrangement in the left image).
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500 mm reconstruction diameter, “detail” convolution kernel, 
body filter) immediately before 0.55-T MRI exposure (Siemens 
Magnetom Free.Max, 32 min), then again 8 days later, immedi-
ately before 1.5-T MRI exposure (Signa, GE). We then imaged 
via CT one final time 3 days post-exposure to 1.5-T MRI, imme-
diately before euthanasia. We waited 4 weeks before the initial 
(0.55-T) MRI exposure (see Figure 3) to allow for fibrosis and 
healing around the implants post-implantation. To enable quan-
titative analysis of the implant positions, we placed the position 
reference implants non-collinearly around each permanent 
magnet implant, and we used these reference implants to trans-
form the magnet and control positions from their post-exposure 
coordinate system into their pre-exposure coordinate system 
using an affine transformation, enabling us to calculate how 
much the transformed position measurement changed from one 
CT scan to another. We will hereafter refer to this change in 
these measured positions as the “perceived movement” of the 
magnet and control implants. For additional information on the 
CT scanning and image analysis, see Supporting Information: 
Section 2.

To test for resistance of the permanent magnet implants to 
demagnetization, we exposed 13 of the magnets to 0.55-T im-
aging and another 13 to 1.5-T imaging. Before exposure, we 
measured the strength of each magnet using a custom-built 
Helmholtz coil with an alignment device (HHC20/SN211383, 
MAGSYS Magnet Systeme, Dortmund, Germany, see 
Figure 4A) and a fluxmeter (FG16, MAGSYS). The Helmholtz 
coil consists of two 4000-turn coils (27 mm ID, 53.2 mm 
OD, 11 mm thickness), and the fluxmeter performs the mea-
surement via the Helmholtz coil based on the principle of 
Faraday's law of induction [20]. To perform the measurement, 
we held the magnet far (at least 0.5 m) away, reset the fluxme-
ter, then placed the magnet in the center of the Helmholtz coil 
and recorded the magnetization strength. After measuring the 
strength of each magnet, we then placed it into a custom 3D-
printed test fixture (see Figure 4B) with ports for alignment 
to temporarily inserted bar magnets, and with nylon screws 
to affix the magnet orientation before the removal of the bar 
magnets. Noting that demagnetization is dependent not just 
on the strength, but also the angle of the exposed field [17], 
we aligned the magnet to one of 13 orientations (using tabs on 
the fixture in 15° increments) and placed the fixture within 
the MRI at isocenter for approximately 1 min, thereby expos-
ing it to the imaging field. After exposure, we measured the 
strength again using the Helmholtz coil device. To account for 
any possible drift of the measurement system, we measured 
two unexposed permanent magnets at the same time as the 
pre-and post-measurements as a measurement control and en-
sured no non-negligible drift had occurred. For comparison, 
we also simulated all exposure strengths and angles for the 

given magnet material and geometry via COMSOL. Finally, 
noting that demagnetization can be dependent on the duration 
of magnetic field exposure [21], to account for any temporal 
effects of exposure duration, we then exposed 7 additional 
permanent magnets to 1.5-T imaging, following the methods 
above with all at worst-case orientation (opposite the exposed 
field) and for varying durations of 1, 2, 4, 8, 16, 32, and 64 min.

We tested for MRI imaging artifacts following ASTM F2119-07 
(2013) [22]. To test for MRI imaging artifacts, we performed 
both 0.55-T (Siemens Free.Max) and 1.5-T (Siemens Altea) im-
aging of a container of copper sulfate solution (2 g/L) with and 
without the presence of one of the permanent magnets. When 
present, the permanent magnet was submerged and suspended 
on a mesh net (see Figure S4). We imaged with both spin echo 
(TR = 500 ms; TE = 20 ms) and gradient echo (TR = 100 ms; 
TE = 15 ms [0.55-T imaging] and 10 ms [1.5-T imaging]) se-
quences in all imaging planes, with a slice thickness of 5 mm 
for all images at both strengths. To ensure accuracy, we used a 
plastic rod to verify each MRI system's pixel size. For all slices 
in all planes, we subtracted the reference image from the im-
plant image and divided by the reference image to compute 
a percent change, then performed binary thresholding of all 
pixels at a 30% threshold, as |(pimplant-pref)/pref| > 0.3. For each 
plane and each imaging modality, we then computed the max-
imum image artifact extent as half the maximum vertical or 
horizontal span of the positive threshold minus the implant 
radius.

3   |   Statistical Analysis

For the secondary position stability analysis, we applied a one-
sided unpaired sign test for the median under the null hypoth-
esis that the median of the magnet perceived movement would 
not be greater than the median of the control perceived move-
ment (noting that, due to the reference implants being closer to 
the magnet, the controls would likely be more affected by any 
muscle hypertrophy or atrophy or changes in muscle tone, and 
thus should have a greater median if the MRI had no effect). 
Calculations were performed using the cumulative distribution 
function via Python SciPy 1.16.1 (Python Software Foundation, 
Wilmington, Delaware, USA). A value of p < 0.05 was consid-
ered statistically significant.

4   |   Results

We did not observe any histologic evidence of migration (in-
flammation or necrosis) of any magnet or control implants 
during the duration of the study (see Figure 5). We observed a 

FIGURE 3    |    Timeline for computed tomography (CT) imaging, MRI exposure, and histological analysis. Dashed lines indicate CT scans, and the 
dotted line indicates the time point for histological examination.

 15222586, 2026, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jm

ri.70126 by U
niversity of N

orth C
arolina at C

hapel H
ill, W

iley O
nline L

ibrary on [19/05/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



567Journal of Magnetic Resonance Imaging, 2026

thin fibrous capsule surrounding each of the implant sites. This 
fibrous capsule measured between 20 and 550 μm in thickness 
at the permanent magnet implant sites and between 20 and 
220 μm in thickness at the nonmagnetic implant sites. The bio-
logical response to both the magnetic implants and the control 
implants showed an appropriate biological response, with min-
imal tissue response and healing progressing as expected. For a 
more detailed histological analysis, see Supporting Information: 
Section 3.

We also did not observe a significant MRI-exposure effect in 
our secondary analysis via CT imaging (p = 0.965 for 0.55-T 
and p = 0.996 for 1.5-T). In the 0.55-T exposure analysis, the 
medians were 0.70 mm and 1.78 mm for the magnet and con-
trol implants, respectively, with two of eight magnet measure-
ment changes above the control median (see the top plot of 
Figure  6). In the 1.5-T exposure analysis, the medians were 
0.23 and 0.49 mm for the magnet and control implants, respec-
tively, with one of eight magnet measurement changes above 
the control median (see the bottom plot of Figure 6). All mag-
net perceived movements were found to be small (maximums 
of 2.17 mm across the 0.55-T exposure study and 0.68 mm 
across the 1.5-T exposure study), in agreement with the his-
tological examination that no migration of the implants oc-
curred through the tissue.

We found force and torque values of 0.35 N and 4.19 mNm for 
the 0.55-T exposure, respectively, and force and torque values 
of 0.94 N and 1.23 mNm for the 1.5-T exposure, respectively (in 
both cases having converted the force values upward to account 
for a desired exposure to a gradient of 20 T/m, as discussed in 
Supporting Information: Section 1).

When sweeping through the angles ranging from when aligned 
with the magnetic field (0 degrees) to directly opposing it (180 
degrees) in 15-degree increments (each exposure being per-
formed with a different magnet), a maximum of 2.1% demagne-
tization was observed under 0.55-T exposure, and a maximum 
of 13.5% demagnetization was observed under 1.5-T exposure, 
with these maximums both occurring when the magnet was rig-
idly fixed in the orientation directly opposing the magnetic field 
of the MRI (see Figure 7).

The duration of exposure to 1.5-T imaging at the worst-case 
orientation was not found to influence the amount of demag-
netization (see Figure  8). The maximum demagnetization 
found was 13.5%, and occurred after the shortest duration.

MR imaging artifacts of 59 and 71 mm were observed for spin 
echo and gradient echo sequences, respectively, under 0.55-T 
imaging, and imaging artifacts of 60 and 71 mm were observed 

FIGURE 4    |    Magnetization strength of permanent magnets pre and post MRI exposure. (A) The magnetization strength (residual flux density) of 
each permanent magnet was measured using a custom Helmholtz coil measurement device. (B) Each magnet was then affixed at a predetermined 
angle in a custom fixture. (C) Each magnet was then exposed to MRI-strength fields and gradients during imaging in the fixture at iso-center (image 
shows fixture before movement into iso-center), after which it was then measured again using the Helmholtz coil measurement device.
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for spin echo and gradient echo sequences, respectively, under 
1.5-T imaging. See Figure 9 for a visual of the image artifacts 
during 1.5-T imaging and Figure  S5 for a visual of the image 
artifacts during 0.55-T imaging.

5   |   Discussion

The permanent magnet implants we investigated were re-
sistant to migration under 1.5-T MRI exposure 5 weeks post-
implantation, maintained most (86.5%) of their magnetization 
strength under repeated 1.5-T MRI exposure, and exhibited 
image artifacts that were not unsubstantial, and yet which do 
not preclude the diagnostic scanning of critical organs.

Based on the results observed, it is unlikely that these perma-
nent magnets migrate in muscle under up to 1.5-T MRI exposure 

after 5 weeks post implantation. There was no histologic ev-
idence of migration of magnet or control implants in the ex-
amined sections, with all implant sites displaying appropriate 
biocompatibility with normal histological tissue response. The 
20- to 550-μm-thick fibrotic capsules observed surrounding the 
permanent magnet implants may partially explain the position 
stability of the magnetic implants against migration under 1.5-T 
MRI exposure. Advanced healing was progressing as expected 
in the skeletal muscles implanted with the magnet and control 
implants, and it is anticipated that this healing would have con-
tinued without complication had the study endpoint been ex-
tended. Our CT imaging observations do not disagree with these 
primary results from histological examination. We selected un-
alloyed tantalum (ASTM F560 [23]) for the control and reference 
implants because tantalum is nonmagnetic and thus should not 
be affected by exposure to magnetic fields. While histological 
examination was our primary measure of position stability, we 

FIGURE 5    |    Histopathology Results. Spurr resin embedded cross sections of each implant site, sectioned at 5-μm thickness and stained with he-
matoxylin and eosin (we sawed each sample in half through each implant after embedding, then ejected the implants before sectioning). The eight 
images on the left (panel A) are sections from the permanent magnet implant sites, and the eight images on the right (panel B) are sections from the 
nonmagnetic control implant sites. Each slide shows a 4.5 × 4.5 mm square of the implant cross section centered on the implant (a 1-mm scale bar is 
provided in the bottom left hand corner of each slide). Rows correspond to muscles (semimembranosus, rectus femoris, biceps femoris, and gluteus 
medius) and columns correspond to the left versus right side of the animal. Note the fibrotic capsule around each implant site, and the remnants of 
the Parylene C coating, can be observed in many of the slides.
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FIGURE 6    |    Measurement differences pre versus post MRI exposure. These cumulative distribution functions show the likelihood for the per-
manent magnet implants to have been measured with various perceived movements in comparison with the nonmagnetic control implants. The 
nonmagnetic control implants measurement changes were in general larger, likely due to the controls being located farther away from the reference 
implants, and thus more sensitive (through coordinate transformation) to changes in muscle morphology over time (the CT scans for the 0.55-T ex-
posure study were 8 days apart, while the CT scans for the 1.5-T exposure study were only 3 days apart). For a table providing all data point values in 
these plots, see Table S1.

FIGURE 7    |    Demagnetization (empirical and simulated) magnetic spheres post exposure to 0.55-T and 1.5-T MRI. Remaining residual flux densi-
ty post exposure to 0.55-T and 1.5-T MRI, with each magnet rigidly-affixed at a given angle to the applied field.

 15222586, 2026, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jm

ri.70126 by U
niversity of N

orth C
arolina at C

hapel H
ill, W

iley O
nline L

ibrary on [19/05/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



570 Journal of Magnetic Resonance Imaging, 2026

FIGURE 8    |    Demagnetization (empirical) magnetic spheres under worst-case exposure to 1.5T MRI at varying durations. Remaining residual flux 
density post exposure to 1.5T MRI for various durations, with the magnet rigidly-affixed in direct opposition to the applied field. The horizontal axis 
is shown in minutes and is spaced logarithmically for ease of viewing, while the vertical axis shows the percentage of magnetization remaining post 
exposure of one of the fully-magnetized permanent magnets to the 1.5-T MRI.

FIGURE 9    |    Image artifacts resulting during 0.55-T and 1.5-T imaging. Image artifacts in 0.55-T and 1.5-T MRI images from the permanent 
magnet implant are shown, with 0.55-T images on top, 1.5-T images on bottom, spin echo images on the left, and gradient echo images on the right. 
Original images of the implant and of the background are shown in each plane, along with the thresholded difference image and the span markings 
(gold lines). The horizontal and vertical spans are listed next to each thresholded difference image. Note that the spans are labeled here, and that the 
image artifact extent is calculated as half the span minus the implant radius. All images show thresholded differences, thresholded at 30% change 
from pre to post introduction of the implant. Note that the image for each plane was collected separately, and also that the images in the figure are 
not scaled relative to one another. The axial, coronal, and sagittal images are shown from top to bottom in each of the panels.
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also wished to view the implants via CT imaging pre and post 
exposure to 1.5-T MR imaging, as well as pre and post exposure 
to lower-strength 0.55-T MR imaging. This way, if via histologi-
cal examination, we observed that migration had occurred, the 
CT imaging analysis could aid in determining whether the mi-
gration occurred at 0.55-T or 1.5-T exposure. We note the im-
portance of having a patient wait for 5 weeks post implantation 
for the results of this study to be relevant, as we explicitly in-
cluded this time delay to allow for fibrosis and healing at the 
implant sites.

The amount of permissible demagnetization of a permanent 
magnet implant is context-specific. In the context of tracking 
the distance between magnetic beads, the maximum amount of 
demagnetization we observed (remaining residual flux density 
of 86.5%) is insufficient to render these implants ineffective for 
tracking and prosthetic control; a 13.5% drop in magnetization 
strength is equivalent to only a 17% increase in noise level at 
4.5 cm (see Supporting Information: Section  4), corresponding 
to an acceptable reduction in tracking ability. We also found the 
size of the drop in magnetization strength to be independent of 
the duration of the 1.5-T MRI exposure.

The maximum size of the imaging artifacts that we observed 
was 71 mm for both 0.55-T and 1.5-T imaging, similar to what 
has been found in prior work imaging a permanent magnet [24]. 
These artifacts suggest that there would be no issue with a pa-
tient being able to obtain a clinically useful image of critical or-
gans in parts of their body sufficiently far from the implant sites.

The heating of an implant due to MRI is another important con-
sideration when considering MRI safety (see ASTM F2182-19e2 
[25]). Because the permanent magnet implants used in muscle 
tissue length tracking are less than 2 cm in diameter and are 
always at least 3 cm away from one another, the implants are 
expected to generate a negligible temperature increase during 
normal imaging [26].

6   |   Limitations

The results of this work only directly apply to Parylene-C-
coated spherical N48SH magnets of the given dimensions 
and coercivity used in this study that are implanted in mus-
cle. Different coatings or geometries may affect the biological 
response and tissue mechanical interface, and thus result in 
different position stability against migration. In addition, the 
geometry affects the demagnetization factor [27], and this fac-
tor combined with the coercivity of the implant determines 
its potential to be demagnetized. See Supporting Information: 
Section  5 for a discussion of the relationship of the exposed 
field, magnet material properties, and magnet geometry in the 
context of demagnetization.

The results of this study only apply up to 1.5T. One would need 
to repeat these studies at a higher field strength exposure for con-
clusions at higher MRI field strength exposures. As discussed in 
the Section 2 and in Supporting Information: Section 5, we ran 
a preliminary data collection exposing these magnets to 3T and 
found that under worst-case conditions—when rigidly affixed 
at the worst possible angle—it is possible for the magnets to be 

fully demagnetized at that higher field strength. However, when 
a magnet is able to rotate, this mitigates its demagnetization in 
an MRI [28], and it is unknown how much ability to rotate is 
afforded by the flexibility of muscle tissue or how such a rota-
tion may mitigate the demagnetization of these implants in a 3-T 
MRI. Without further investigation, at the time of this paper, we 
do not recommend exposing intramuscular magnetic bead im-
plants of these particular specifications to field strengths of 3-T 
imaging or above.

The CT imaging analysis provided further insight into the 
positions and position stability of the permanent magnet and 
control implants, but it could be improved upon if desired to 
be used as a standalone method. The use of only three posi-
tion reference implants limited us to an affine transformation. 
A fourth reference implant non-coplanar with the first three 
implants would allow a full three-dimensional coordinate sys-
tem. In addition, the perceived movements were substantially 
larger for the controls, likely due to them being farther away 
from the reference implants, making them a worst-case con-
trol instead of a one-to-one comparison. The placement of ad-
ditional reference implants around the control implants would 
help ensure that these measurements are improved upon. We 
wished to avoid placing too many implants in the animal to 
avoid issues with inflammation and due to limits in the avail-
able space within each target muscle, but additional reference 
implants may have been warranted had we not had the pri-
mary histological endpoint. Finally, and most importantly, 
it should be noted that the use of position reference markers 
within a muscle to track the movement of a marker within a 
muscle will be subject to muscle remodeling due to growth, 
exercise, or disuse [29]. This can be observed in the greater 
perceived movements in the first portion of the CT imaging 
comparison, which had a larger delay between the CT images 
(8 vs. 3 days) and is also supported by the observation that the 
animal's final body weight increased by 46% (from 54 to 79 kg) 
over the approximately 6-week duration of the study, suggest-
ing growth and remodeling were likely contributing factors. 
These factors might be partially corrected for by reducing the 
amount of time between CT scans. For instance, CT scans 
could be performed immediately before and immediately after 
MRI and then again 48 h post-exposure. A future experimen-
tal design might also use high-resolution magnet tracking to 
sense the strength and orientation of the permanent magnet 
implants pre and post exposure.

7   |   Conclusion

Under 1.5-T MRI exposure, histological analysis suggested that 
the implanted magnets did not migrate through tissue, worst-
case demagnetization (rigidly affixed in an opposing orientation) 
was 13.5%, and maximum image artifacts observed were 71 mm. 
Direct applicability of these results is limited to 1.5-T MRI or 
below and to the specific implants tested in muscle. The lack 
of migration, resistance to demagnetization, and size of image 
artifacts that we observed in this investigation suggest that these 
3-mm-diameter, intramuscular, permanent-magnet implants do 
not preclude a patient from being imaged by MRI at a strength 
at or below 1.5T, showing the potential for safe scanning and 
future MR Conditional labeling for these implants.

 15222586, 2026, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jm

ri.70126 by U
niversity of N

orth C
arolina at C

hapel H
ill, W

iley O
nline L

ibrary on [19/05/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



572 Journal of Magnetic Resonance Imaging, 2026

Acknowledgments

The authors thank Abigail Anttila, Melissa Bible, Gena Brock, Dawn 
Burns, Nicole Cardona, Lagora Carrell, Rick Casler, Lindsey Charles, 
William Clark, Ellen Clarrissimeaux, Kris Cundari, Xan Foote, Tom 
Gillesberg, Deborah Grayeski, Alexandra Grogan, Guillermo Herrera-
Arcos, Dirk Hoffmeister, Kristina Johnson, Matthew King, Aaron 
Koosmann, Bernhard Kreierhoff, Christian Landis, Gary Leung, 
Stuart Lipsitz, Aimee Liu, Dick Molin, Tracy Moller, James Murphy, 
Alice Njoroge, Nathan Ooms, Hartmut Pagel, Gary Pressler, Kristie 
Rector, Andy Robinson, Andrew Robison, Megan Ruff, William 
Schoenlein, Andy Sebastian Stec, Kim Stoughton, Logan Thompson, 
Mirasol Tronrud, Donna Tudor, and Rachel Zanon for their helpful 
advice, suggestions, feedback, encouragement, and support. During 
the preparation of this work, the authors also used the Cursor code 
editor to assist in revising code and plotting data, Elicit research re-
ports and GPT deep research to aid in literature search, and GPT-4o 
to assist in iteratively creating Figure 1. After using these tools/ser-
vices, the authors reviewed and edited all code and content and take 
full responsibility for the content of the publication.

Conflicts of Interest

C.R.T., S.H.Y., C.C.S., and H.M.H. have patents related to the implan-
tation of permanent magnet implants in muscle. E.D.A., S.J.C., and 
D.C.G. are employed by MED Institute. A.F.T., J.O.N.-G., C.E.S., L.T.L., 
and S.R.H. are employed by Cook Research Incorporated.

References

1. K. J. Dormer, R. E. Nordquist, G. L. Richard, and J. V. D. Hough, “The 
Use of Rare-Earth Magnet Couplers in Cochlear Implants,” Laryngo-
scope 91 (1981): 1812–1820.

2. S. E. Ellsperman, E. M. Nairn, and E. Z. Stucken, “Review of Bone Con-
duction Hearing Devices,” Audiology Research 11 (2021): 207–219.

3. A. A. Marano, P. W. Henderson, M. R. Prince, S. M. Dashnaw, and 
C. H. Rohde, “Effect of MRI on Breast Tissue Expanders and Recom-
mendations for Safe Use,” Journal of Plastic, Reconstructive & Aesthetic 
Surgery 70 (2017): 1702–1707.

4. B. R. Gillings, “Magnetic Denture Retention Systems: Inexpensive 
and Efficient,” International Dental Journal 34 (1984): 184–197.

5. J. Nadeau, “Maxillofacial Prosthesis With Magnetic Stabilizers,” 
Journal of Prosthetic Dentistry 6 (1956): 114–119.

6. A. I. Tsirikos and S. B. Roberts, “Magnetic Controlled Growth Rods in 
the Treatment of Scoliosis: Safety, Efficacy and Patient Selection,” Med-
ical Devices: Evidence and Research 13 (2020): 75–85.

7. J. D. Schmitto, S. Shaw, J. Garbade, et al., “Fully Magnetically Cen-
trifugal Left Ventricular Assist Device and Long-Term Outcomes: The 
ELEVATE Registry,” European Heart Journal 45 (2023): 613–625.

8. W. G. Lee, L. L. Evans, S. M. Johnson, and R. K. Woo, “The Evolving 
Use of Magnets in Surgery: Biomedical Considerations and a Review of 
Their Current Applications,” Bioengineering 10 (2023): 442.

9. M. Gherardini, V. Ianniciello, F. Masiero, et  al., “Restoration 
of Grasping in an Upper Limb Amputee Using the Myokinetic Pros-
thesis With Implanted Magnets,” Science Robotics 9, no. 94 (2024): 
eadp3260.

10. R. Smith-Bindman, P. W. Chu, H. Azman Firdaus, et al., “Projected 
Lifetime Cancer Risks From Current Computed Tomography Imaging,” 
JAMA Internal Medicine 185 (2025): 710–719.

11. M. C. Florkow, K. Willemsen, V. V. Mascarenhas, E. H. G. Oei, M. 
van Stralen, and P. R. Seevinck, “Magnetic Resonance Imaging Ver-
sus Computed Tomography for Three-Dimensional Bone Imaging of 

Musculoskeletal Pathologies: A Review,” Journal of Magnetic Resonance 
Imaging 56 (2022): 11–34.

12. L. L. Wald, P. C. McDaniel, T. Witzel, J. P. Stockmann, and C. Z. 
Cooley, “Low-Cost and Portable MRI,” Journal of Magnetic Resonance 
Imaging 52 (2020): 686–696.

13. M. Lustig, D. Donoho, and J. M. Pauly, “Sparse MRI: The Applica-
tion of Compressed Sensing for Rapid MR Imaging,” Magnetic Reso-
nance in Medicine 58 (2007): 1182–1195.

14. C. R. Taylor, W. H. Clark, E. G. Clarrissimeaux, et al., “Clinical Via-
bility of Magnetic Bead Implants in Muscle,” Frontiers in Bioengineering 
and Biotechnology 10 (2022): 1010276.

15. ASTM, “ASTM F2052-21: Standard Test Method for Measurement 
of Magnetically Induced Displacement Force on Medical Devices in the 
Magnetic Resonance Environment,” 2021.

16. ASTM, “ASTM F2213-17: Standard Test Method for Measurement 
of Magnetically Induced Torque on Medical Devices in the Magnetic 
Resonance Environment,” 2017.

17. K.-J. Fredén Jansson, B. Håkansson, S. Reinfeldt, H. Taghavi, and M. 
Eeg-Olofsson, “MRI Induced Torque and Demagnetization in Retention 
Magnets for a Bone Conduction Implant,” IEEE Transactions on Bio-
medical Engineering 61 (2014): 1887–1893.

18. S. Hunyadi, J. W. Werning, J. S. Lewin, and A. J. Maniglia, “Effect 
of Magnetic Resonance Imaging on a New Electromagnetic Implantable 
Middle Ear Hearing Device,” American Journal of Otology 18 (1997): 
328–331.

19. ASTM, “ASTM F86-21: Standard Practice for Surface Preparation 
and Marking of Metallic Surgical Implants,” 2021.

20. S. R. Trout, “Use of Helmholtz Coils for Magnetic Measurements,” 
IEEE Transactions on Magnetics 24 (1988): 2108–2111.

21. P. Peng, J. Zhang, W. Li, et al., “Time-Dependent Demagnetization 
of NdFeB Magnets Under DC and Pulsed Magnetic Fields,” IEEE Trans-
actions on Magnetics 56 (2020): 1–10.

22. ASTM, “ASTM F2119-07 (2013): Standard Test Method for Evalua-
tion of MR Image Artifacts From Passive Implants,” 2013.

23. ASTM, “ASTM F560-22: Standard Specification for Unalloyed Tan-
talum for Surgical Implant Applications (UNS R05200, UNS R05400),” 
2022.

24. F. H. Blankenstein, B. Truong, A. Thomas, R. J. Schröder, and M. 
Naumann, “Signallöschung im MRT-Bild, verursacht durch intraoral 
verankerte dentale Magnetwerkstoffe,” Röfo 178 (2006): 787–793.

25. ASTM, “ASTM F2182-19e2: Standard Test Method for Measure-
ment of Radio Frequency Induced Heating on or Near Passive Implants 
During Magnetic Resonance Imaging,” 2019.

26. US FDA, “US FDA Guidance Document: Testing and Labeling Med-
ical Devices for Safety in the Magnetic Resonance (MR) Environment 
(p. 12),” 2023.

27. C. R. H. Bahl, “Estimating the Demagnetization Factors for Regular 
Permanent Magnet Pieces,” AIP Advances 11 (2021): 075028.

28. J. R. Tysome, Y. C. Tam, I. Patterson, M. J. Graves, and D. Gazibe-
govic, “Assessment of a Novel 3T MRI Compatible Cochlear Implant 
Magnet: Torque, Forces, Demagnetization, and Imaging,” Otology & 
Neurotology 40 (2019): e966–e974.

29. R. L. Lieber, Skeletal Muscle Structure, Function, and Plasticity (Lip-
pincott Williams & Wilkins, 2002).

Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Figure S1: Empirical testing of mag-
netically induced displacement force. (A) Diagram (B) Photograph. 
Figure S2: Empirical testing of magnetically induced torque. (A) 
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Diagram (B) Photograph. Figure S3: Representative image of a test site. 
Post implant photograph illustrating the position of the sutures used to 
secure implants in the left semimembranosus muscle. The site of the 
permanent magnet implant (circled in gold) is surrounded by 3 position 
reference implants (circled in green). The nonmagnetic control implant 
was placed at the other end of the test site (circled in blue). Table S1: 
Transformed position measurement changes in millimeters from pre 
to post exposure at 0.55T and 1.5T. While the results are grouped by 
muscle for convenience, note that this should not be construed to con-
vey that there are any substantial one-to-one relationships between a 
permanent magnet and its neighboring same-muscle control. Figure 
S4: Empirical testing of image artifacts. (A) Diagram (B) Photograph. 
Figure S5: Simulated effect of 1.5-T-induced partial demagnetization 
on distance tracking error between two magnets at various depths. The 
mean absolute distance errors were calculated by simulating the track-
ing of two magnets with state-of-the-art hardware and software. At 
the clinically relevant depth of 45 mm, a partial demagnetization from 
1.39 down to 1.20 nT/m3 resulted in an increase in the distance track-
ing error from approximately 2.07 mm up to 2.42 mm, an increase of 
approximately 17%. Figure S6: Empirical versus simulation demagne-
tization results. Simulation was of a 3-mm spherical permanent magnet 
with parameters Br = 1393 mT, Hcb = 1093 kA/m, Hci = 1637 kA/m, and 
(BH)max = 381.38 kJ/m3. 
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