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Patients with “MR Unsafe” rating magnetic implants are required to undergo implant removal surgery before they can take an MRI 

scan. Only implants labeled as “MR Conditional” can stay in the patient’s body for MRI scan under specific conditions. In this article, 

the authors propose an MRI-conditional implantable magnet design with orientation that can be self-realigned or with an external 

homing magnet. This design can be readily adopted to a wide range of magnetic implant medical devices on the market, upgrading them 

from “MR Unsafe” to “MR Conditional” rating. Prototypes are tested to verify the design. Magnetic orientation realignment 

effectiveness is evaluated.  

 
Index Terms—Implanted magnet, magnetic resonance imaging, self-realigning, spherical magnet.  

 

I. INTRODUCTION 

AGNETIC RESONANCE Imaging (MRI) is a medical 

imaging procedure for making images of the internal 

structures of the body. The strong magnetic field of an MRI 

scanner can affect medical implants that contain metal or 

magnets. When this happens, the implant may move or twist 

inside the patient’s body, causing discomfort, pain, or injury 

[1]-[3]. Patients with “MR Conditional” cochlear implants can 

go through 1.5T or even 3T MRI under specific conditions 

without the need of surgically removing the implant magnet. 

Some of such cochlear implants utilize magnets with limited 

rotational movement; for example, diametrically oriented disk 

magnet encapsulated within a Titanium can and able to rotate 

360° in the plane orthogonal to the magnet axis [4]. The in-

plane rotation capability creates a less restrictive environment 

to the implant magnet; as a result, so long as the patient going 

through the MR scan does not tilt his/her head sideways by 

more than 30°, very few complain about discomfort. However, 

when the implant magnet’s reaction to the MRI field is 

restricted, not only does it affect the patient’s safety and 

comfort, but it also poses a threat to demagnetize or reverse the 

polarity of the implant magnet and cause device complications 

[5]-[8]. 

The aforementioned magnet design with in-plane rotation 

capability would not be practical for breast tissue expanders 

(BTE). BTEs are used in the breast reconstruction procedure in 

patients having undergone mastectomy. Most BTEs on the 

market have magnetic infusion ports and are labeled “MR 

Unsafe”. These products feature an implanted magnet with 

orientation pointing forward (or backward) with respect to the 

patient’s body; the purpose of which is to guide the surgeon to 

the saline infusion port. During an MR scan, the MRI high 

magnetic field would turn the magnet about 90°, deforming the 

BTE, causing pain or discomfort to the patient, or tearing the 

BTE. Therefore, patients with these implants are typically 

disapproved from MR scans, or otherwise the BTE would have 

to be surgically removed before an MRI procedure [9]-[10]. 

Nonconventional BTEs have started to emerge; for example, 

those with radiofrequency identification (RFID) infusion ports 

that do not contain magnets [11]. They are labeled as “MR 

Conditional”. However, these novel BTEs require 

technologically sophisticated peripherals for the saline infusion 

process to work and are more costly to the patients and the 

healthcare system.   

The BTE case could be solved with a design innovation of 

the implanted magnet. Other than a permanent magnet with 

fixed orientation, this article introduces a magnet design with 

the magnetic orientation rotatable in true three dimensions. 

Therefore, neither the patient nor the implanted magnet should 

be affected during an MRI. After the patient completes the MRI 

procedure, the anchor polepiece should realign the magnetic 

orientation to the original direction, either by the spontaneous 

magnetic reaction between the magnet and the anchor 

polepiece, or with the help of an external homing magnet. The 

homing magnet is only necessary if the differentiation of the 

North pole to the South pole is mission critical. Furthermore, 

the application of this novel design can be expanded to other 

implanted magnet sensor or coupling force or torque 

applications that require the magnet’s orientation to be restored 

after an MRI scan. 

II. PROBLEM DEFINITION AND NEW DESIGN CONCEPT 

A. Would-Be Scenario of BTEs in MRI Field 

A permanent magnet rigidly embedded in an implanted 

medical device is subjected to high magnetic force and/or 

torque in the MR scanner field. The magnetic force f and torque 

τ exerted on a magnet with magnetic moment m by a uniform 

magnetic field B are given by (1) and (2), respectively. 

� = (��) ∙ �           (1)  

	 = �× � = ���×
 ,          (2) 

where H is magnetic field strength. 

In the case of the commercially available BTEs, a disk Nd-

Fe-B magnet with axial orientation is incorporated in a metallic 

housing, which is then molded in silicone, located just behind 

the infusion port. The surgeon uses an external port locating 

magnet to interact with the implanted magnet to identify and 

M
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mark the infusion port location, where a needle would be 

injected through the port and deliver saline to the BTE, as 

shown in Fig. 1(a). The attractive magnetic force between the 

implant magnet and the port locating magnet can be analytically 

or numerically calculated. For instance, if the implant magnet 

is a Nd-Fe-B magnet of N42 grade, and Φ15mm X 3mm in size; 

the port locating magnet is also a Nd-Fe-B magnet of N42 grade, 

and Φ5mm X 8mm in size, then the attractive force at 20mm 

distance between the magnets is 0.1 N. This is the magnitude of 

force that is sufficient to align the two magnets without causing 

the patient much pinching sensation. 

During an MRI, the patient would lay flat on the MR scanner 

platform. The orientation axis of the implanted magnet would 

be at an acute angle with the main magnetic field of the MR 

scanner, as in Fig. 1(b). The strong magnetic field of the MR 

scanner twists the implanted magnet in the human body sagittal 

plane clockwise or counterclockwise (depending on the magnet 

polarity), therefore causes discomfort, pain or even injury to the 

patient. The magnet in the BTE can generate up to 0.8Nm 

torque in 1.5T MRI, or 1.6Nm torque in 3T MRI. The magnet 

could also be partially demagnetized (it happens when a portion 

of the magnetic domains are flipped directions by the MR field) 

or even have its polarity reversed (it happens when all the 

magnetic domains are flipped) by the MR field to lose function 

and bring complications to the infusion procedure later. It 

becomes clear that a disk magnet rigidly secured in the medical 

implant is not suitable for MRI procedures. It is the reason why 

such BTE implants are labeled as “MR Unsafe”. 

 
Fig. 1.  Implanted BTE magnet reacting to magnetic field. (a) Implant magnet 

interacting with port locating magnet to facilitate identification of infusion port 

location; (b) Twisting magnetic torque exerted on implant magnet during MR 
scan. 

B. Spherical Magnet on Steel Plate 

This work introduces an MRI-conditional BTE design that 

incorporates a spherical magnet. To understand how the design 

works, it is best to start with a free-standing spherical magnet 

placed on a magnetic surface, e.g., a steel base plate, as shown 

in Fig. 2(a). The arrow indicates the magnetic North-pole 

direction. Without external influences, the magnet-plate system 

will find its equilibrium when the magnetic orientation is in the 

upright direction; we define the angle θ to be 0° for the 

equilibrium state. When the magnet is turned away from its 

equilibrium position, the plate exerts a magnetic torque, τ, on 

the magnet. An analysis reveals the relationship between θ and 

τ to be sinusoidal, 

� = ������2�,    (3) 

where Tp is the torque amplitude, as shown by Fig. 2(b). The 

spherical magnet is subjected to maximum torque when it is 

perturbed to sway ±45° from upright direction (represented by 

point o). If the magnet is turned to ±90° positions (points u and 

v), the torque τ would be zero, the same as at point o, but it is 

noted that u and v are unstable equilibriums in contrast to point 

o which is a stable equilibrium. Therefore, the torque τ has a re-

aligning effect on the magnet to return it to the upright direction. 

In real world, the steel plate surface is not ideally smooth, so 

the rolling friction force would prevent the spherical magnet 

from returning to the true upright position, but the effect is 

usually insignificant. The phenomenon also applies to a 

diametrically oriented cylindrical magnet-steel plate system. 
 

 
Fig. 2.  Self-realignment of spherical magnet on magnetic base plate. (a) 

Definition of positive direction of perturbation angle and magnetic torque; (b) 

Relationship between re-aligning torque and perturbation angle. 

C. Housed Spherical Magnet with Anchor Polepiece 

The above design concept can be readily adopted to the BTE 

medical implant by the incorporation of a nonmagnetic housing 

to encapsulate the spherical magnet and a magnetic anchor 

polepiece, as seen in Fig. 3(a) and 3(b). The nonmagnetic 

housing has a dome-shaped top and a flat bottom, laser welded 

together; the material can be titanium alloy or stainless steel. 
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The anchor polepiece is made of ferrous metal (e.g., steel or 

magnetic stainless steel); its shape can be a solid disk as in Fig. 

3(a) or a ring as in Fig. 3(b); its purpose anchoring the magnet’s 

orientation in the upright direction to facilitate the infusion port 

locating as well as minimize magnet movement and abnormal 

sensations. 

 

Fig. 3.  Self-realignment of spherical magnet in nonmagnetic housing. (a) 
During MRI scan, spherical magnet aligns orientation with MR field; (b) After 

the MR field is turned off, spherical magnet self-realigns orientation to near 

upright direction. 

In the presence of the strong MRI field, the spherical magnet 

can overcome the interaction by the anchor polepiece and align 

its North pole orientation with the MRI field direction as 

illustrated in Fig. 3(a), without turning the magnet housing. The 

patient should barely notice any discomfort. The risk of partial 

demagnetization or polarity reversal is therefore eliminated. 

When the MR field is turned off, the interaction between the 

implant magnet and the anchor polepiece dominates again and 

the spherical magnet should self-realign, as shown in Fig. 3(b). 

Magnetic torque τm tends to rotate the spherical magnet toward 

the upright direction. Because the restriction of the housing wall 

and bottom, the spherical magnet is subjected to sliding friction 

forces, which in turn exert friction torques τf1 and τf2 on the 

spherical magnet. It is noteworthy that the spherical magnet will 

not completely return to, but very close to, the upright position, 

due to the friction forces / torques. The angle differential is 

named the “axis deviation angle” in this work and dependent on 

the friction coefficients of the housing bottom and/or anchor 

polepiece materials. In practice, appropriate lubricants or 

specialty coatings can be applied to the anchor polepiece or 

housing walls to minimize friction. 

For illustration purpose to facilitate a visual comprehension 

of the presented design, Fig. 4 superposes the rendering of the 

port locating magnet, magnet housing (needle stop), implant 

(spherical) magnet, and anchor polepiece, on the image of a 

partially inflated commercially available BTE. 
 

 
Fig. 4.  Illustration of BTE with spherical magnet and its interaction with 

external port locating magnet 

D. Homing Magnet 

If the MR field direction differs the implant magnet’s original 

North pole orientation by more than 90°, the implant magnet 

would come out of the MR scanner with orientation that is about 

180° different than its original orientation. In that case, an 

external homing magnet would be needed to bring the implant 

magnet to its original orientation, as shown in Fig. 5. The 

homing magnet does not have to be a separate magnet. 

Depending on the magnetic strength of the infusion port 

locating magnet, it can be dually purposed to act as a homing 

magnet. A surgeon can be trained to easily use just the infusion 

port locating magnet to determine if the implant magnet is 

oppositely oriented, and if so, use the infusion port locating 

magnet to correct its orientation and locate the injection spot. 
 

 
Fig. 5.  Homing magnet realigns oppositely oriented implant magnet 

Just as the implant spherical magnet cannot perfectly realign 

itself to the upright position, the homing magnet can bring the 

implant magnet very close to but not the exact upright direction 

in a mathematical sense. Though in reality, the difference is 

insignificant and results in an injection spot locating error by 

mere millimeters. The surgeon should still be able to guide the 

needle to penetrate through the infusion port. 

Authorized licensed use limited to: Chun Li. Downloaded on October 12,2023 at 21:50:04 UTC from IEEE Xplore.  Restrictions apply. 



 

 

III. PROTOTYPE CONSTRUCTION AND TEST PROCEDURE 

A prototype is constructed using a Φ8mm Nd-Fe-B spherical 

magnet, clear acrylic housing, and a Φ3.5mm steel anchor 

polepiece, as shown in Fig. 6. The MRI field is simulated by 

external magnets of various stack lengths. Refer to Table I for 

a complete component list. The spherical magnet is observed to 

respond sensitively to external field.  
 

 
Fig. 6.  Prototype of MRI-conditional implant magnet and reaction to homing 
magnet 

 

When the external “MRI field” is removed, the spherical 

magnet attempts to return to its original orientation but stops 

short because of the friction between the housing and the 

magnet. A stack of six pieces of the external magnet, simulating 

a homing magnet or an infusion port locating magnet, is used to 

restore the spherical magnet’s orientation. The spherical 

magnet’s magnetization angle is then measured on Matesy M-

axis, which is a commercial magnetic measuring system to 

characterize permanent magnets of the magnetic moment and 

magnetization angle specifications. 

 
TABLE I 

PROTOTYPE COMPONENT LIST 

Components Size Material 
Magnetic 

orientation 

Spherical magnet Φ8mm, sphere Nd-Fe-B, N42 Easy axis 

External magnet Φ8mm X 3.2mm, 

disk, multiple 

Nd-Fe-B, N50 Axial 

Anchor polepiece Φ3.5mm X 0.5mm Carbon steel N/A 

Housing Φ20mm X 14mm Acrylic, clear N/A 

 

IV. EXPERIMENTAL RESULTS 

The spherical magnet’s magnetization orientation is ideally 

in the upright direction. The difference between the actual 

tested magnetization direction and the ideal upright direction is 

called the axis deviation angle. 216 tests are conducted on M-

axis, and the measured axis deviation angles are recorded, as 

shown in Fig. 7. The cosine of the axis deviation angle 

contributes to the interactive force between the implant magnet 

and the infusion port locating magnet and is also plotted in Fig. 

7. It becomes evident the external magnet can bring the 

spherical magnet orientation to within 8° from the upright 

direction, and the retained interacting force factor is within 

99%, in most of the attempts. 

 
Fig. 7.  Magnet axis deviation angle measurements and cosine of axis deviation 

angles 

V. CONCLUSIONS 

A novel implantable magnet design is presented, valuable to 

applications where the patient needs to go through MRI scan 

and where the implant magnet’s orientation needs to be restored 

after the MRI scan. Prototypes are constructed to test the 

concept. Satisfactory results are observed. The prototypes are 

currently under evaluation. The technology can be readily 

expanded to magnetic sensor or magnetic force coupling 

implantable magnet applications. 

Future work includes experimenting with anchor polepiece 

design optimization and friction minimization to home the 

implant magnet and introduce the MRI-conditional commercial 

BTE product to the market. 

REFERENCES 

[1] 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 Trans. Biomedical 
Engineering, vol. 61, no. 6, pp. 1887-1893, June 2014, doi: 

10.1109/TBME.2014.2309978. 

[2] J. Nyenhuis, "MRI interactions with medical implants," 2002 IEEE 
International Symposium on Electromagnetic Compatibility, 2002, pp. 

920-924 vol.2, doi: 10.1109/ISEMC.2002.1032817. 

[3] U.S. Food and Drug Administration (FDA), [Online], “Cochlear implants 
and MRI safety,” https://www.fda.gov/medical-devices/cochlear-

implants/cochlear-implants-and-mri-safety. 

[4] N. Young, S. Hoff, M. Ryan, “Impact of cochlear implant with diametric 
magnet on imaging access, safety, and clinical care,” Laryngoscope, 2021 

Mar; 131(3):E952-E956. Doi: 10.1002/lary.28854. Epub 2020 Jun 22. 

PMID: 32569426; PMCID: PMC7891447. 
[5] Y. Eltawil, K. Aaron, and P. Maria, “When an MRI compatible cochlear 

implant magnet can hide important findings,” Otolaryngology Case 

Reports, vol. 23, 2022, 100404, ISSN 2468-5488. 
[6] B. Walker, S. Norton, G. Phillips, E. Christianson, D. Horn, and H. Ou, 

“Comparison of MRI in pediatric cochlear implant recipients with and 

without retained magnet,” Int’l J. Pediatric Otorhinolaryngology, vol. 
109, 2018, pp. 44-49, ISSN 0165-5876. 

[7] J. Jeon, M. Bae, J. Chang, and J. Choi, “Reversing the polarity of a 

cochlear implant magnet after magnetic resonance imaging,” Auris Nasus 
Larynx, vol. 39, issue. 4, 2012, pp. 415-417, ISSN 0385-8146. 

[8] J. Wickemeyer, J. Sharon, and H. Weinreich, “Special considerations in 

patients with cranial neurostimulatory implants,” Otolaryngologic Clinics 

Authorized licensed use limited to: Chun Li. Downloaded on October 12,2023 at 21:50:04 UTC from IEEE Xplore.  Restrictions apply. 



 

 

of North America, vol. 53, issue 1, 2020, pp. 57-71, ISSN 0030-6665, 

ISBN 9780323710565. 
[9] R. Dibbs, B. Culo, R. Tandon, H. S. Hilaire, F. G. Shellock, and F. H. 

Lau, “Reconsidering the ‘MR unsafe’ breast tissue expander with 

magnetic infusion port: a case report and literature review,” Arch. Plast 
Surg., vol. 46, no. 4, pp. 375-380, July 2019, doi: 

10.5999/aps.2018.01431. 

[10] A. A. Marano, P. W. Henderson, M. R. Prince, S. M. Dashnaw, and C. H. 
Rohde, “Effect of MRI on breast tissue expanders and recommendations 

for safe use,” J. Plast Reconstr. Aesthet. Surg., vol. 70, no. 12, pp. 1702-

1707, Dec. 2017, doi: 10.1016/j.bjps.2017.07.012. 
[11] M. Bayasgalan, A. M. Munhoz, and F. G. Shellock, “Breast tissue 

expander with radiofrequency identification port: Assessment of MRI 

issues,” American J. Roentgenology, Vol. 215, no. 1, July 2020 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

Authorized licensed use limited to: Chun Li. Downloaded on October 12,2023 at 21:50:04 UTC from IEEE Xplore.  Restrictions apply. 


