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Abstract

Purpose
We hypothesised that 0.55T MRI would reduce magnet displacement risk and pressure perception compared to 1.5T MRI in healthy volunteers with
bandaged cochlear implants (CIs) containing axial or rotating diametric magnets, while maintaining temporal bone image interpretability.

Methods
Ten healthy volunteers were bandaged with CIs (5 axial magnet; 5 rotating diametric magnet) and underwent consecutive 0.55T and 1.5T MRI sessions.
Pressure perception was assessed using a visual analogue scale and magnet displacement was evaluated. Optimised 2D T2-weighted fast spin echo (2D T2-
FSE) and constructive interference in steady state (CISS) temporal bone sequences were acquired at both field strengths in seven participants. Diagnostic
confidence, artefactual degradation, and distances from CI-related artefact to anatomical structures were assessed. CI magnet translational and torque force
were measured. Paired ordinal data were analysed using Wilcoxon signed-rank and Bland–Altman analysed agreement of distances.

Results
Axial CI magnets were displaced after 1.5T MRI in 4/5 participants but not 0.55T (p = 0.04) with corresponding torque measured as 0.133 v 0.062 Nm.
Rotating diametric magnets showed no displacement at either 1.5T or 0.55T with similar torque measurements at both field strengths (0.046 v 0.044 Nm).
Pressure perception did not differ between MRI systems. Both CISS and 2D T2-FSE sequences provided adequate diagnostic confidence at both field
strengths. The 0.55T 2D T2-FSE sequence reduced CI-related artefact and allowed similar diagnostic confidence to 1.5T. Distances between artefact and
anatomical structures did not differ between scanners.

Conclusion
Mid-field 0.55T MRI reduced axial CI magnet displacement while maintaining clinically acceptable temporal bone imaging. It may provide a useful addition to
CI imaging in patients with axial magnet CIs who have experienced magnet complications or pain when undergoing high field MRI.

Introduction
Over 1.5 billion individuals experience significant disability from hearing loss [1], and there are now more than one million cochlear implant (CI) recipients
worldwide [2]. Alongside this, increasing availability, life expectancy, and expanding clinical indications have driven rising magnetic resonance imaging (MRI)
utilisation. There are 40.6–122.8 examinations performed annually per 1,000 population across developed economies [3], predominantly using 1.5T systems
[4]. Consequently, the number of CI recipients undergoing MRI continues to grow, and most are expected to require MRI during their lifetime [5].

The internal magnet and metal lic components of a cochlear implant (CI) interact with the static magnetic field (B0), gradient fields, and radiofrequency fields
during MRI. This gives rise to important safety considerations, including translational forces, torque, heating, image artefact and demagnetisation which limit
MRI in CI recipients. Imaging at lower field strength with a 0.55T mid-field MRI system (MAGNETOM Free.Max, Siemens Healthineers) may mitigate some of
these effects by reducing induced forces, heating, and artefact.

A major source of adverse events is magnet-related translational force and torque within the static magnetic field. This can cause significant patient
discomfort leading to premature termination of MRI [6–9], while magnet displacement may impair device function or require explantation. Traditional axial CI
magnets, with a fixed pole oriented toward the skin flap, are especially susceptible to torque perpendicular to the skull, resulting in axial rotation even with
head bandaging. Newer designs incorporating self-aligning diametric magnets or screw-fixation mechanisms reduce this torque and associated
complications [10–16]. Despite these advances, MRI-related adverse events remain increasingly reported, likely reflecting both the persistence of legacy axial
magnet designs and the rising use of MRI [10]. As torque is proportional to B0, assuming the internal magnetisation remains constant, it is expected to

decrease at lower field strengths [17]. However, the effect of lower field MRI on patient tolerance and magnet displacement risk, particularly across different
magnet designs, remains to be established.

A further key constraint is RF exposure, typically expressed as specific absorption rate (SAR), which must be limited in accordance with manufacturer-defined
MRI-conditional guidelines to minimise device heating [18]. At lower field strengths, RF energy deposition is both reduced (scaling with B0

2) and more
homogeneous [19] which improves safety margins and facilitates compliance with MRI-conditional limits. This may allow greater flexibility in sequence
design while maintaining safer operating conditions for CI patients. These benefits must be balanced against reduced signal-to-noise ratio (SNR), which can
affect spatial resolution and increase scan time. However, with modern hardware and software, lower-field MRI has been shown to provide comparable
diagnostic confidence to 1.5T for temporal bone imaging [20].

Finally, the highly non-linear magnetic field generated by the internal CI magnet produces substantial artefact, including signal loss from intravoxel
dephasing, geometric distortion of the slice-select profile, and in-plane distortion with signal pile-up and dropout. The extent of artefact is influenced by
implantation site [21], head position [22, 23], and sequence [11, 21, 23–28]. Signal loss from CI magnets rapidly saturates at clinically relevant echo times and
bandwidths, so it remains uncertain whether lower field strengths provide a meaningful reduction in artefact.
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It was hypothesised that mid-field 0.55T MRI would 1) result in a lower risk of CI magnet displacement and 2) there would be maintained image quality and
similar impact of CI-related artefact compared with high-field 1.5T MRI. This was explored using healthy volunteers with CI bandaged in place as a surrogate
system.

Methods
Cochlear implant magnet translational force and torque testing 

The translational force and torque were tested for the two non-functioning MRI-conditional Advanced Bionics CIs (Advanced Bionics, Stäfa, Switzerland)
used in this healthy volunteer study. These were a HiRes™ Ultra 3D CI with a self-aligning diametric magnet, and a HiRes 90K™ CI with an axial magnet.

The translational force experienced by each of the cochlear implants was estimated using the deflection angle method described by ASTM F2052-21
standard [29]. Each implant was suspended by lightweight super-strong thread (30D gel spun polyethylene) after securing the implant magnet with tape
within its silicone housing. The device was advanced along the central z-axis (x=y=0) of the scanner to establish the point of maximum deflection. Due to the
significant increase in field gradient on the 1.5T system, additional weights (15g) were attached to reduce the angle to a desirable range. The spatial
magnetic field was subsequently measured at increments along the same line using a 3-axis Hall probe (Metrolab ETM-1). Knowing the mass of each device
(plus weights) provided estimates of the force experienced on entering the scanners. It was assumed that the magnet was permanently saturated at both
field strengths and the force on the titanium casing was negligible, thus the expectation was that the force was proportional to the spatial gradient of the
magnetic field only.

The torque experienced by each device was measured at the isocentre of both scanners using a custom-made torsion spring rig according to the ASTM
F2213-17 standard [30]. Due to the large forces expected on the cochlear implant magnet at the centre of the scanner, the silicone housing was first splinted
between a rigid plastic bracket and cover plate, before mounting on the torque rig with the centre of the magnet aligned along the axis of the rig pivot point.
The rig was fitted with SPEC® torsion springs of constant k=0.1107 Nm/rad. Each device was rotated through 360° at 10° increments with the deflection
angle recorded to determine the maximum deflection and thus torque. The process was repeated twice and recorded by two observers for each device at
both 0.55 and 1.5T.

Participants

The study was approved by the institutional Health Faculties (Purple) Research Ethics Subcommittee (Reference: HR/DP-23/24-40213). The research was
conducted in accordance with the Declaration of Helsinki. Healthy volunteers were recruited between June 2024 and June 2025. Written informed consent
was obtained from all participants in this study.

Exclusion criteria included known temporal bone abnormalities, auditory implants, facial pain or headache disorders, MRI contraindications, and prior
knowledge of the MRI scanner locations within the unit. The institutional MRI safety and technical assurance committee performed a risk assessment since
the previous MRI conditional testing only applied to 1.5T scanning and to implanted patients.

CI bandaging 

A non-functioning MRI-conditional CI was bandaged to the head of each participant by an experienced clinician. The first five participants received a HiRes™
Ultra 3D CI with a self-aligning diametric magnet, and the subsequent five a HiRes 90K™ CI with an axial magnet. The magnet housing was reinforced with
felt padding applied to the undersurface and a hard plastic disc taped to the superficial aspect (Fig 1). Bandaging tension was standardised by using a single
full head wrapping of the bandage with an unstretched length of 80% of head circumference. CIs were positioned at varying angles [26] relative to the
nasion–external auditory meatus (EAM) plane using a digital protractor (Fig 1, Table 1). A dummy processor was applied to aid anatomical positioning
relative to the pinna, and the CI–EAM distance was recorded. Rebandaging was performed between scan sessions in six participants in order to evaluate for
CI magnet displacement.

MRI scanning 

Each participant underwent consecutive one-hour MRI sessions on 0.55T (Siemens MAGNETOM Free.Max) and 1.5T (Siemens MAGNETOM Sola) scanners,
with scan order randomly assigned in a balanced fashion. Scanner signage was masked to maintain participant blinding to field strength. Participants were
positioned with the head kept neutral and with flexion matched between scanners. They were lowered gently onto the couch, avoiding proximity to the
magnet bore edge. MRI sequences varied between sessions and included both whole-brain and dedicated temporal bone protocols.

Pressure sensation scoring and magnet displacement 

Pressure sensation at the site of the bandaged CI was assessed using a visual analogue scale (VAS) adapted to a 10-point ordinal scale ranging from no
pressure to marked pressure and discomfort (Supplementary Fig 1) [7,16,31]. The scale was explained to participants prior to bandaging, and they were
instructed to report the maximum pressure experienced, localised to the CI site. Baseline scores were obtained 3-4 minutes after bandaging, and prior to
each of the two scans. Within the MRI environment, pressure was recorded immediately upon entering the bore, where closest to the region of maximal
translational force, and participants were also asked about any sensation of clicking. A second assessment was performed immediately after the scanning
to reflect the period when at the isocentre and conditions of maximal torque. Participants were additionally asked whether any changes in sensation were
transient or sustained.
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CI magnet position within the silicone housing was assessed after completion of both scan sessions in all participants, and additionally after the first
session in five participants with the HiRes™ 90K CI and one participant with the HiRes™ Ultra 3D CI prior to rebandaging in an identical CI position.
Displacement was classified as tilting when the magnet did not cross the housing lip, and dislocation when it did (Fig 2, Table 2).

Sequence development /parameters 

Dedicated T2-weighted temporal bone MRI sequences were developed to minimise CI-related artefact while optimising visualisation of structures within the
cerebellopontine angle cisterns (CPAs), internal auditory meati (IAMs), and inner ears. Two-dimensional T2-weighted fast spin echo (2D T2-FSE) and three-
dimensional constructive interference in steady state (CISS) sequences were adapted within specific absorption rate (SAR) limits for MRI-conditional CIs
(Supplementary Table 1). The conditional MRI limits for 1.5T were also applied to 0.55T MRI scanning. Optimisation differed between scanners due to lower
SNR at 0.55T and higher SAR for the same drive conditions at 1.5T.

Multiple strategies were used to reduce CI-related obscuration of the temporal bone. Receiver bandwidth was increased while maintaining acceptable SNR,
and the frequency encoding direction was chosen to shift off-resonance artefact away from the temporal bones. Voxel size was reduced on 2D T2-FSE to
improve spatial resolution and reduce susceptibility effects. A higher slice selection bandwidth did not clearly benefit and was not applied. The reduction in
SNR due to the decreased field strength and increased receiver bandwidth at 0.55T was compensated by increasing the number of signal averages and
applying AI-based reconstruction. At 1.5 T, SAR constraints (Supplementary Table 1) limited sequence flexibility for the HiRes 90K™ cochlear implant and
required iterative optimisation of imaging parameters, including reduced flip angle and increased repetition time (TR), to maintain compliance with
manufacturer-specified MRI conditions.

Following optimisation, study protocol temporal bone sequences were acquired in 3 participants with the HiRes™ Ultra 3D CI and 4 participants with the
HiRes 90K™ CI (Supplementary table 2).

Image analysis

The individual CISS and 2D T2-FSE sequences acquired at 0.55T and 1.5T for the seven participants were organised into 28 folders and randomly reordered.
Image analysis was performed using Horos (v4.0.1; The Horos Project, Annapolis, MD, USA) [32] with consistent windowing. The 3D multiplanar reformat
module was used to obtain standardised angulation of the image plane for all sequences with a thin reconstruction increment. Quantitative and qualitative
assessments were undertaken using built-in tools. Three radiologists (PT: 9 years; SC: 27 years; CD: 14 years’ head and neck subspecialty experience)
independently reviewed the images following a training session on non-study cases to ensure consistency.

A 5-point ordinal scale was used for all evaluations. Image quality remote from CI artefact was assessed first, followed by diagnostic confidence and CI-
related artefact at the CPA (1 cm on either side of the porus acousticus), IAM, and inner ear on both the implanted and contralateral sides (Table 3, Figure 3).
Diagnostic confidence reflected visualisation of cranial nerves and fluid spaces, incorporating both image quality and artefact effects. CI-related artefact was
graded according to the degree of structural obscuration. Artefact type was also recorded as signal drop-out, signal pile-up, banding, spatial distortion, or
warping.

Given variable slab coverage, minimum in-plane distances were measured between artefact and relevant anatomical markers. This provided a consistent
planar proximity metric rather than a global 3D minimum but avoided bias when regions of maximal artefact fell outside the acquired volume. The border of
the hard artefact was defined as signal void or pileup where there was no visualisation of the expected signal due to underlying anatomical structures.
Measurements were taken from the hard artefact to the posterior lip of the porus acousticus at the axial level of the vestibulocochlear nerve, and to the
cochlear aperture bilaterally (Figure 4). On the ipsilateral side, additional measurements were obtained in orthogonal coronal or sagittal planes. It was noted
when the contour of the hard artefact indicated that the nearest margin lay outside the craniocaudal field of view and these cases were excluded from
analysis (Figure 4).

A second scoring session, performed two weeks later to reduce recall bias, directly compared equivalent 0.55T and 1.5T sequences for image quality,
diagnostic confidence, and CI-related artefact (Table 3).

Statistical analysis

Statistical analyses were performed using SPSS (v27.0; IBM, USA), with p < 0.05 considered statistically significant.

Paired ordinal data (pressure sensation, magnet displacement, diagnostic quality, diagnostic confidence, and CI artefact scores) were compared using the
Wilcoxon signed-rank test (exact, two-tailed).

Comparisons were performed between CISS and T2-FSE sequences at each field strength and between 0.55T and 1.5T for each sequence. Effect size was
calculated as r = Z/√n, and the number of superior rankings was recorded. A secondary direct comparison of equivalent 0.55T and 1.5T sequences was
undertaken as a sensitivity analysis against the blinded ranking results.

Bland–Altman analysis assessed agreement between sequences and field strengths for measured CI artefact distances to adjacent anatomical structures,
with mean bias, 95% limits of agreement, and confidence intervals for the limits reported.

Inter-observer reliability for ordinal and continuous variables was assessed using intraclass correlation coefficients (ICC; two-way random-effects, absolute
agreement, single measures).
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Results
Cochlear implant magnet translational and torque force testing 

The translational force on each implant due to magnetically induced deflection was estimated for both 0.55 and 1.5T scanners. The maximum angle
observed for both implants on each scanner was close to the bore entrance, which correlated with the expected point of maximum spatial field gradient
along the central z-axis. The calculated translational forces on the HiRes™ Ultra 3D and HiRes™ 90K CIs were 0.13 and 0.09N approaching the 0.55T system,
and 0.41 and 0.31N, approaching the 1.5T system. This increase in force approximately scales with the increase in measured maximum spatial field gradient
between the two system at ~0.88T/m vs 2.7T/m for the 0.55 and 1.5T systems, respectively.

The average maximum measured torque on the HiRes™ Ultra 3D CI revealed a lower and relatively field-independent relationship with values of 0.046 Nm and
0.044 Nm at 0.55 and 1.5T. Conversely, the HiRes™ 90K CI exhibited a higher maximum torque of 0.061 Nm and 0.133 Nm at 0.55 and 1.5T. The significantly
higher torque measured with the HiRes™ 90K CI at 1.5T also translated to a large force given the smaller diameter of the internal magnet (9mm for HiRes™
90K vs 12mm for the HiRes™ Ultra 3D). Ultimately, this led to an estimated maximum force of of 7.73N and 7.25N for the HiRes™ Ultra 3D with corresponding
values of 3.7N at 0.55T and 29.6N at 1.5T for the HiRes™ 90K CI.

Participants and CI magnet position

Ten participants were enrolled (6 men, 4 women; median age 37 years, IQR 19). Four CIs were bandaged at a baseline nasion–EAM angle of 120°, with the
remaining six positioned at equal positive and negative increments and at 8–10 cm from the EAM (Table 1). The order of 0.55T and 1.5T scanning was
balanced across participants.

Pressure sensation and magnet displacement 

Pressure scores on the VAS are shown in Table 2. Baseline scores were similar between scanners (0.55T: median 1 [IQR 0–1.5]; 1.5T: median 1 [IQR 0–1]).
On entering the scanner bore, median change in pressure was 0 [IQR 0–0] for both 0.55T and 1.5T, with no significant difference between field strengths
(Wilcoxon signed-rank test, Z = −0.378, exact p = 0.71). During scanning, median pressure scores were 1 [IQR 0–2] at 0.55T and 2 [IQR 0–3] at 1.5T, again
with no significant difference (Z = −0.105, exact p = 0.92). In addition, no significant difference in pressure score changes were observed when analysing the
two CI models separately.

There were no magnet displacements in the HiRes™ Ultra 3D CI at either field strength (0/5). In contrast, 4/5 HiRes™ 90K CI magnets showed displacement
within the silicone housing after 1.5 T imaging with 2 tilted and 2 dislocated, whereas there was no displacement at 0.55T (Table 2, Figure 2). This
represented a significantly higher incidence of HiRes 90K™ magnet displacement at 1.5T compared with 0.55T (Wilcoxon signed-rank test, Z = −2.00, exact p
= 0.04).

Qualitative image analysis

Image quality and diagnostic confidence for ipsilateral anatomical structures showed no significant differences in median scores between sequences or field
strengths (p > 0.05; Table 4). However, superior rankings and a large effect size (r > 0.5) suggested improved image quality with CISS at 1.5T compared with
0.55T, translating into higher diagnostic confidence at both the ipsilateral and contralateral CPAs (r = 0.63; r=0.51) and IAMs (r = 0.80; r=0.80). The 2D T2-FSE
sequence demonstrated higher diagnostic confidence scores than CISS for ipsilateral inner ear imaging at both 0.55T (r = 0.78) and 1.5T (r = 0.58), likely
reflecting degradation from CISS banding artefact. Of the 28 sequence assessments (4 sequences in 7 participants), low diagnostic confidence at the
ipsilateral CPA was recorded in only 3 cases, all at 0.55T. No cases of low diagnostic confidence were observed at either field strength for the IAM or inner
ear, with high or very high diagnostic confidence being reported in 20/28 assessments.

No significant differences were observed between 0.55T and 1.5T in qualitative visualisation without CI-related artefact at any ipsilateral anatomical site (p >
0.05; r < 0.5; Table 4). 2D T2-FSE demonstrated better visualisation than CISS at both field strengths (r > 0.5), reaching statistical significance at 0.55T (p <
0.05). Complete or near-complete visualisation was achieved in 24/28 CPA, 26/28 IAM, and 20/28 inner ear assessments. All 2D T2-FSE sequences
demonstrated complete visualisation of all structures except for one inner ear case at 0.55T.

On the contralateral side, all anatomical structures were fully visualised with both sequences and field strengths, and no low diagnostic confidence scores
were recorded. Non-significant superior diagnostic confidence scores were again observed at 1.5T compared with 0.55T, more evident with CISS at the IAM
and inner ear. The improved diagnostic confidence scores of 2D T2-FSE were less pronounced contralaterally, with CISS performing better at the CPA (r =
0.51 at 0.55T; r = 0.65 at 1.5T), despite greater CI artefact burden.

Sensitivity analysis using direct 0.55T versus 1.5T sequence comparisons confirmed the same direction of effect, with higher scores where large effect sizes
were identified in the primary analysis and no contradictory trends. 

Interobserver agreement ranged from moderate to excellent (ICC 0.52–0.92; Table 4). Types of artefacts contributing to image degradation are summarised
in Supplementary Table 3

Quantitative image analysis 

Hard artefact was present on the target image allowing measurement to anatomical structures in 30/42 for 2D T2-FSE at 0.55T, 28/42 at 1.5T, 38/42 for CISS
at 0.55T, and 42/42 at 1.5T. Two additional coronal 2D T2-FSE measurements at both field strengths were excluded by consensus, since the closest artefact
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margin lay outside the field of view.

Bland–Altman analysis demonstrated small mean differences when comparing CISS with 2D T2-FSE at both field strengths, and when comparing 0.55T with
1.5T for each sequence (Tables 5-6, Figure 5, Supplementary Figure 2). Most measurements showed only slightly greater distances (10/12 being <1 cm)
between artefact and adjacent structures on 2D T2-FSE compared with CISS at both 0.55T and 1.5T. Across the measurements, there was a tendency
towards larger distances on 0.55T imaging with the CISS sequence and for larger distances at 1.5T for the 2D T2-FSE sequence. However, there was wide
variability in the hierarchy of distances between participants as depicted in figure 5 for the ipsilateral porus acousticus measurement. The confidence
intervals for the limits of agreement included zero for all comparisons, indicating no clear systematic bias, although estimates were imprecise due to small
sample size. No proportional bias was identified on linear regression of difference versus mean.

Interobserver agreement for quantitative measurements was excellent, with ICCs of 0.91 (0.82–0.96) and 0.89 (0.80–0.95) for axial ipsilateral, 0.91 (0.82–
0.96) and 0.92 (0.85–0.96) for coronal ipsilateral, and 0.91 (0.82–0.96) and 0.92 (0.85–0.96) for contralateral axial measurements.

Discussion
An axial cochlear implant (CI) magnet was displaced after 1.5 T MRI in 4/5 participants but was never displaced after 0.55 T MRI (P = 0.04). In contrast, a CI
incorporating a rotating diamagnetic magnet showed no displacement at either field strength. These findings were explained by differences in measured
torque and translational forces. Whereas the diamagnetic CI magnet demonstrated similar maximum torque values at 0.55 and 1.5T, the axial CI magnet
torque estimates showed higher values and a ~ 2.2-fold increase at 1.5T compared to 0.55T. Participant-reported pressure scores on entering the scanner
bore (p = 0.71) or during scanning (p = 0.92) did not differ significantly between the 0.55T and 1.5T MRI systems. 2D T2-weighted fast spin echo (2D T2-FSE)
and three-dimensional constructive interference in steady state (CISS) temporal bone sequences, optimised for imaging in the presence of CI-related
artefact, provided at least adequate diagnostic confidence for evaluating relevant anatomical structures in almost all cases at both field strengths. The 0.55T
MRI achieved comparable diagnostic confidence to 1.5T with the 2D T2-FSE sequence and, unlike at 1.5T, the SAR limits were not exceeded for the axial
magnet CI. The quantitative measures evaluating proximity of CI-related hard artefact to temporal bone structures did not clearly differ between 0.55T and
1.5T, although estimates were limited by small sample size.

Magnet displacement was the most frequently reported device malfunction [10, 33] in the era prior to rotatable diametric magnets. Whilst rates of up to 9.1%
were recorded in retrospective series [6,8,13,34,35), prospective cohorts of CI patients with axial magnets have demonstrated it to be less frequent at 0-4.4%
[7, 9, 12, 14, 36]. Our finding of very high rates (80%) of magnet tilting with the HiRes 90K™ CI may reflect less containment of the magnet by the bandaging in
our healthy volunteers compared to that offered by the scalp flap in CI recipients. In addition, our direct examination of the magnet within the housing [37]
may have provided greater sensitivity to the detection of clinically occult minor magnet tilting. The newer devices with diametric magnets are considered to
have eliminated the risk of magnet displacement at high field MRI [10–13, 15, 16, 33, 38] and this was supported by our findings of no HiRes™ Ultra 3D
magnet displacements at either 0.55T or 1.5T.

The torque exceeded the translational force and increased with field strength as expected for the axial magnet CI, whereas the diametric magnet CI remained
relatively constant between field strengths. The torque measurements for the HiRes™ Ultra 3D at 1.5T were closely aligned to previously reported values [27].
Tysome et al also measured torque for the same HiRes 90K™ CI at 1.5T, reporting a higher maximum value of 0.186Nm, four times higher the HiRes™ Ultra 3D
magnet. Our slightly lower values for the axial magnet could be partly due to the difficulty in securely clamping the small internal magnet, potential
malalignment with the pivot point of the rig or partial demagnetisation of the magnet from previous scanning. A single report comparing torque of an axial
(Clarion 1.2) magnet at 1.5T with 0.3T also demonstrated decreased torque at lower field MRI (0.19 v 0.04Nm) [39].

Despite differences in rates of magnet displacement between MRI systems and cochlear implant models, this did not translate into corresponding changes
in pressure scores in this sham study. Pain is the most common adverse clinical manifestation in patients with cochlear implants undergoing MRI and is
thought to predominantly result from torque causing movement of the magnet within the static magnetic field. It has been reported to result in premature
termination of MRI examinations in up to 28% of patients with axial magnets [8, 12, 38, 40] whilst this is uncommon in patients with self-aligning diametric
magnet CIs [11, 12, 14, 9, 36, 40]. Patel et al. demonstrated reduced pain scores in a prospective comparison of patients with axial versus self-aligning
diametric magnets undergoing MRI [14]. In the present study, the absence of a clear differences in pressure scores between CI magnets or MRI systems may
reflect both the small sample size, the cushioning effect of scalp and hair and the influence of confounding factors. Although mitigation strategies were
employed, subtle variations in bandage tightness, differences in local pressure from padding over the protruding implant assembly, and psychological factors
may have varied between scan sessions and participants. While severe pain is often associated with magnet displacement [6, 34, 36], it is also plausible that
the pressure sensations reported in our cohort were driven more by external compression from bandaging than by the minor magnet movement [12, 36]. It is
also of note that studies examining pressure–pain thresholds in the temporal region have demonstrated substantial inter-individual variability [41], a finding
that is mirrored in reports of CI patients undergoing MRI [6, 7, 12].

Whilst the evolution of CIs with diametric magnets has markedly improved the MRI safety profile of CIs, patients with older models continue to require MRI.
The number of CI-related medical device reports submitted to the Food and Drug Administration (FDA) has remained at 56–142 per year since 2019, a period
in which all three major CI manufacturers have offered devices with diametric rotatable magnets [33]. Some patients undergoing serial MRI studies may
experience adverse events due to magnet displacement at high field MRI such that magnet removal is considered. The absence of any magnet displacement
at 0.55T with the axial magnet CI, supported by objective measures of reduced torque and longitudinal displacement suggests that imaging such patients
with older CI models at mid-field [42] may represent an alternative pathway to mitigate this risk.

MRI of the temporal bone may be required in the post CI patient for monitoring vestibular schwannomas, for investigation of new audio-vestibular symptoms,
and for MRI-based evaluation of cochlear implant electrode arrays [43]. Before recommending mid-field temporal bone MRI in cochlear implant recipients, it
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is important to ensure that the reduced signal-to-noise ratio and sequence modifications required to limit CI-related artefact, do not compromise the imaging.
A newer generation of lower field MRI systems benefit from being equipped with the latest hardware and software from high-field technology and artificial
intelligence-based reconstruction [20]. Our qualitative analysis demonstrated that 0.55T imaging provides sufficient diagnostic quality for assessment of the
CPA, IAM and inner ear. Whilst CISS generally resulted in greater obscuration of anatomical structures than 2D TSE/FSE due to associated banding artefact,
the two sequences may be complementary at 0.55T. The 0.55T 2D TSE/FSE sequence with deep learning–based reconstruction demonstrated image quality
comparable to that at 1.5T. Moreover, the 0.55T parameterisation was readily accommodated within the specific absorption rate (SAR) limits imposed by the
HiRes 90K™ cochlear implant, whereas modifications required at 1.5T resulted in prolonged scan times and more noticeable participant motion artefact
(Fig. 3).

Our finding of a similar proximity of hard artefact at 0.55T and 1.5T is consistent with the permanent internal magnetisation of the CI magnet likely being
constant at both field strengths. Quantitative comparisons of artefact size have previously been performed only at 1.5T and 3T [23, 25, 26], where no
consistent differences were demonstrated, although the MRI Safety Manual for the Advanced Bionics HiRes Ultra 3D cochlear implant reports a greater
artefact radius at 3T compared to 1.5T [44]. Literature reports remain variable regarding the extent of artefact and the degree of anatomical obscuration
associated with different T2-weighted temporal bone sequences [23, 45]. Some studies have reported that 2D T2-FSE sequences are associated with
reduced artefactual obscuration of both ipsilateral and contralateral temporal bone structures compared with CISS imaging [27, 28, 45], whereas Kalmanson
et al. quantified artefact extent and found it more extensive with 2D T2-FSE than CISS [23].

Several study limitations should be acknowledged. Firstly, the exploratory design and relatively small sample size limited the ability to perform robust
statistical analyses or draw definitive conclusions. Secondly, methodological factors may have influenced the observed outcomes. Repeated magnet tilting
could have induced fatigue within the silicone CI housing, and partial demagnetisation of the CI magnet during earlier MRI sessions may have altered its
susceptibility to displacement in subsequent scans. Additionally, a practical trade-off existed between accurately assessing magnet position after the first
scan and reapplying the head bandage in a precisely consistent position for subsequent imaging, which may have introduced variability. Thirdly, it should be
acknowledged that the bandaging of an externally applied CI does not accurately mimic the anatomy of the implanted patient. For instance, CI magnet
displacement or pain perception is unlikely to occur with the same frequency whilst an intracochlear electrode will influence inner ear visibility. The
delineation of the electrode array in patients should be a focus of future studies since it will benefit from reduced local susceptibility artefact from the
paramagnetic platinum electrode array at 0.55T and would benefit from 3D sequences. Finally, several aspects of the imaging analysis of CI artefact extent
warrant consideration. Only two sequences were evaluated, and the extent to which these findings generalise to other temporal bone protocol, such as 3D-
FSE or T1-weighted imaging, is therefore limited. Direct comparison of artefact between different implant types was not feasible, as devices were positioned
at different locations. Moreover, even intra-individual comparisons between scanners may have been confounded by subtle variations in head positioning,
including degrees of flexion [22]. There were also inherent differences in sequence design across field strengths. At 0.55 T, 2D T2-weighted imaging
incorporated deep learning–based reconstruction and shorter acquisition times, whereas at 1.5 T the 2D T2-weighted sequence required adaptation for use
with the HiRes 90K CI due to SAR constraints. The resulting longer acquisition time at 1.5 T contributed to motion artefact in some participants, further
limiting comparability.

Conclusion
This exploratory study demonstrated reduced displacement of axial CI magnets but not rotating diametric magnets during 0.55T MRI as compared with 1.5T
MRI, and this was consistent with objective measurements of lower magnetic forces acting on the implant. Participant-reported pressure perception did not
differ between field strengths, and it is likely that the bandaging of the externally applied CI does not adequately mimic the pain sensation of an implanted
device. Temporal bone T2w sequences adapted to reduce CI magnet artefact produced clinically acceptable imaging with good visibility of ipsilateral
anatomical structures at 0.55T and with a similar extent of hard artefact to 1.5T. This study provides first evidence that lower field MRI may be a useful
addition to the imaging of CIs, and particularly in those patients with axial magnet CIs who have experienced magnet complications or pain when undergoing
high field MRI. Wider applicability to other auditory implants should be explored.
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CI cochlear implant

CISS constructive interference in steady state

CPA cerebellopontine angle cistern

EAM external auditory meatus

FSE fast spin echo

IAM internal auditory meatus

ICC intraclass correlation coefficient

MRI magnetic resonance imaging

nM newton-metres

SAR specific absorption rate

T2w T2-weighted

T tesla

VAS visual analogue scale
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Tables
Table 1: Demographic, location of CI bandaging and order of the MRI scanning 

  Age/sex Laterality Nasion-EAM angle (degrees) Distance from EAM (cm) Order of scans

1 32F R 120 8 0.55T/1.5T

2 51F R 120 8 1.5T/0.55T

3 33M L 135 8 0.55T/1.5T

4 40M R 150 9 0.55T/1.5T

5 53F R 90 9 1.5T/0.55T

6 31M L 120 10 1.5T/0.55T

7 37M L 120 8 1.5T/0.55T

8 55F L 90 9 0.55T/1.5T

9 29M R 150 9 1.5T/0.55T

10 37M R 135 9 0.55T/1.5T

  

Page 10/20



Table 2: Pressure sensation (VAS) scores with 1.5T and 0.55T scanning for the HiRes™ 

Ultra 3D and HiRes™ 90K CI magnets

    1.5T 0.55T

Participant Type of
CI

Pressure score
increases when
entering bore

Pressure
scores increase
during
scanning

Magnet
displacement after
MRI

(tilted/dislocated)

Pressure score
increases when
entering bore

Pressure
scores increase
during
scanning

Magnet
displacement after
MRI

(tilted/dislocated)

1 HiRes™ 

Ultra 3D

1

 

2 N 0 0 Na

2

 

HiRes™ 

Ultra 3D

0 2 N 0 1 Na

3 HiRes™ 

Ultra 3D

0 0 Na 0 0 N

4 HiRes™ 

Ultra 3D

0 0 N 1 2 Na

5 HiRes™ 

Ultra 3D

0

 

 

0 N 0 0 N

6 HiRes™
90K

1 2 Y

dislocated

0 2 N

7 HiRes™
90K

0 c 1 Y

tilted

0 1 N

8 HiRes™
90K

0 c 3 Y

tilted

2 6b N

9 HiRes™
90K

0 6b Y

dislocated

0 1 N

10 HiRes™
90K

0 3 N 0 4 N

a The magnet was not inspected after the first MRI scan session but was undisplaced after both sessions were completed

b The scores of 6 in these patients were short-lived and the participant felt it may have been due to direct pressure from the head coil on the bandaged CI 

c Sensation of clicking when entering scanner bore 

Table 3: Qualitative scoring of image quality, diagnostic confidence and cochlear implant artefact obscuration 
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Score Image quality Diagnostic confidence Reduced visualisation due
to cochlear implant related
artefact

Second stage direct comparison of 1.5T v
0.55T

0 Very low Very low:

 Poor visibility of entire structure

None of the structure is
visualised due to CI related
artefact 

Much better image quality/greater
diagnostic confidence/less artefact   with
case A

1 Low Low:

 Significantly reduced
visualisation of structure or
poorly defined

Minority of structure
visualised due to CI related
artefact

Better image quality/greater diagnostic
confidence/less artefact   with case A

2 Medium/Adequate Medium:

 Moderately reduced but
adequate visualisation and
definition of structure

Majority of structure
visualised due to CI related
artefact

Equal image quality/greater diagnostic
confidence/less artefact   with case A and
B

3 Good Good: 

Minor reduction in visualisation
or definition of structure

Visualised entirely with
minor artefact due to CI
related artefact

Better image quality/greater diagnostic
confidence/less artefact   with case B

4 Very good Very good: 

Entirely visualized and well-
defined structure without any
artefact

Visualised entirely and no
hard/soft artefact extension
to structure (distortion or
obscuration) due to CI
related artefact

Much better image quality/greater
diagnostic confidence/less artefact   with
case B

Guidance Assessed away from
artefact within the
anterior image

Allows for cochlear implant
related or another artefact.
Based on visibility and clarity of
cranial nerves and depiction of
fluid containing structures

Assesses soft or hard
artefact related to the
cochlear implant

The second stage comparison was blinded
to the MRI field strength, and scoring was
again performed across image quality,
diagnostic confidence and cochlear implant
artefact obscuration themes

  

Table 4: Qualitative evaluation of image quality, diagnostic confidence and visualisation without cochlear implant related artefact for ipsilateral and
contralateral anatomical sites: Differences in scores between sequences and MRI field strengths and inter-rater correlation coefficients 
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    0.55T: CISS v T2 2D FSE       1.5T: CISS v T2 2D FSE       CISS: 1.5 v 0.55T T2 2D FSE: 1.5  v 0.55T

  ICC

(95% CI)

Median and 

 

Superior
rankings     

p value

 

effect
sizea (r)

 

Median and

 

Superior
rankings

p value 

 

effect
sizea (r)

 

 

 

Median and

 

Superior
rankings

(second
scoring)b

p value 

 

effect
sizea 

(r)

 

 

Median and

 

Superior
rankings

(second
scoring)b

p value 

 

effect
sizea (r)

 

 

 

Image
quality

0.52

(0.10-
0.76)

3/3

 

2/2

1.00

 

0

4/3

 

4/2

0.27

 

0.38

4/3

 

3/0 (4/0)

 

 

0.25

 

0.65

3/3

 

2/2 (2/2)

 

1.00

 

0

CI side

Diagnostic confidence

CPA 0.64

(0.07-
0.85)

2/2

 

3/1

0.50

 

0.43

3/2

 

3/1

1.00

 

0.14

3/2

 

5/1 (4/0)

0.19

 

0.63

2/2

 

2/1(1/1)

0.19

 

0.14

IAM 0.65

(0.23-
0.84)

2/3

 

1/3

0.38

 

0.49

3/3

 

2/3

0.75

 

0.27

3/2

 

5/1(5/1)

0.06

 

0.80

3/3

 

2/1(1/1)

0.75

 

0.27

Inner ear 0.84

(0.67-
0.92)

2/4

 

0/5

0.06

 

0.78

3/4

 

1/3

0.25

 

0.58

3/3

 

3/1(3/0)

0.50

 

0.43

4/4

 

1/2(1/2)

1.00

 

0

Visualisation without CI related artefact

CPA 0.85

(0.71-
0.92)

3/4

 

0/7

0.02

 

0.93

3/4

 

0/7

 

0.02

 

0.93

3/3

 

2/1(3/2)

1.00

 

0.38

4/4

 

1/0(0/0)

1.00

 

0.38

IAM 0.78

(0.58-
0.89)

2/4

 

0/7

0.02

 

1.00

¾

 

0/3

0.25

 

0.62

3/3

 

2/1(3/1)

0.76

 

0.31

4/4

 

2/1(0/0)

1.00

 

0.22

Inner ear 0.92

(0.85-
0.96)

2/4

 

0/7

0.02

 

0.93

3/4

 

0/4

0.13

 

0.70

3/2

 

5/2(4/1)

0.18

 

0.48

4/4

 

2/1(2/2)

1.00

 

0.22

Contralateral side

Diagnostic confidence 

CPA 0.62

(0.11-
0.83)

3/2

 

4/1

0.38

 

0.51

4/3

 

5/1

0.16

 

0.65

3/2

 

3/1(3/0)

0.38

 

0.51

3/2

 

3/1(2/1)

0.38

 

0.51

IAM 0.53

(0.16-
0.76)

3/3

 

1/2

1.00

 

0

4/3

 

4/1

0.38

 

0.51

4/3

 

5/0(3/0)

0.06

 

0.80

3/3

 

3/2(1/1)

1.00

 

0.17
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Inner ear 0.51

(0.10-
0.74)

¾

 

0/2

 

0.50

 

0.53

4/3

 

4/3

1.00

 

0.14

4/3

 

2/0(2/0)

0.25

 

0.53

4/3

 

3/1(1/1)

0.6

 

0.38

Visualisation without CI related artefact

CPA 0.87

(0.75-
0.94)

4/4

 

0/3

0.25

 

0.65

4/4

 

0/1

0.50

 

0.38

4/4

 

0/0(2/1)

1.00

 

0

4/4

 

0/0(0/0)

1.00

 

0

IAM 0.88

(0.77-
0.94)

4/4

 

0/3

0.25

 

0.65

4/4

 

0/1

0.50

 

0.38

4/4

 

3/1(3/1)

0.63

 

0.38

4/4

 

0/0(0/0)

1.00

 

0

Inner ear 0.83

(0.67-
0.91)

4/4

 

0/3

0.25

 

0.65

4/4

 

0/3

0.25

 

0.65

4/4

 

3/1(3/1)

0.63

 

0.38

4/4

 

0/0(0/0)

1.00

 

0
a This refers to the effect size (r = Z/√n) of the sequence or field strength with the higher rankings 

b The second scoring involved direct comparisons of the corresponding 1.5T and 0.55T sequences and was performed as a sensitivity analysis for the
blinded scoring of the individual sequences so should be similar to the superior rankings 

p values<0.05 and effect size > 0.5 are in bold 

Table 5: Distances (cm) between hard artefact and anatomical structures: Mean differences between 0.55T with 1.5T with each sequence
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  CISS

1.5t v 0.55T

2D T2w-FSE

1.5 T v 0.55T 2D T2w-FSE

  number Mean
(SD)

1.5T

Mean
(SD)
0.55T

Mean 

Difference
(SD)

LOA lower
(CIs)

LOA upper
(CIs)

number Mean
(SD)

1.5T

Mean
(SD)
0.55T

Mean

Difference
(SD)

LOA lo
(CIs)

Ipsilateral

Axial   

Porus 6 1.86
(0.98)

2.42(1.55) -0.56

(1.39)

-3.28

(-5.18/-1.38)

2.16

(0.26/4.06)

 

4 2.61(0.54) 2.86(1.42) -0.25

(1.20)

-2.60

(-4.61

Cochlear
aperture

6 2.00(0.96) 2.52(1.18) -0.52

(1.14)

-2.74

(-4.29/-1.19)

 

 

1.71

(0.16/3.26)

 

4 3.01(0.57) 3.33(1.40) -0.32

(1.25)

-2.77

(-4.86

Coronal  

Porus
acousticus

7 1.59(0.89) 2.25(1.23) -0.67

(1.28)

-3.17

(-4.79/-1.55)

1.84

(0.22/3.46)

3 2.61(0.73) 1.73(0.65) +0.88

(0.48)

-0.06

(-0.99

Cochlear
aperture

7 2.06(1.88) 2.23(1.06) -0.17

(2.17)

-4.42

(-7.17/-1.97)

 

4.08

(1.33/6.83)

3 2.56(0.53) 1.89(0.81) +0.67

(0.34)

0.01

(-0.65

Contralateral side

Axial   

Porus
acousticus

6 5.93(1.35) 6.64(2.19) -0.71

(1.76)

-4.16

(-6.57/-1.75)

 

2.75

(0.34-5.16)

4 6.59(0.88) 5.83(1.01) +0.77

(0.23)

0.32

(-0.07

Cochlear
aperture

6 6.87(1.36) 7.47(2.25) -0.60

(1.75)

-4.03

(-6.42/-1.64)

2.83

(0.44/5.22)

4 7.37(0.96) 6.62(1.20) +0.76

(0.35)

0.08

(-0.51

  

Table 6: Distances (cm) between hard artefact and anatomical structures: Mean differences between CISS and 2D T2-FSE with each field strength
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  0.55T

CISS V 2D T2w-FSE

1.5 T

CISS V 2D T2w-FSE

  number Mean
(SD)

1.5T

Mean
(SD)
0.55T

Mean

Difference
(SD)

LOA lower
(CIs)

LOA upper
(CIs)

number Mean
(SD)

1.5T

Mean
(SD)
0.55T

Mean

Difference
(SD)

LOA 
(CIs)

Ipsilateral

Axial   

Porus
acousticus

5 1.87
(0.84)

2.79(1.24) -0.92

(1.15)

-3.17

(-4.89/-1.45)

1.33

(-0.39/3.05)

5 2.03(0.99) 2.88(0.75) -0.85

(0.93)

-2.67

(-4.06

Cochlear
aperture

5 2.17(0.91) 3.10(1.32) -0.93

(1.06)

-3.01

(-4.6/-1.42)

1.15

(-0.44/2.74)

5 2.25(0.82) 3.04(0.50) -0.79

(0.85)

-2.45

(-3.72

Coronal  

Porus 4 2.25(1.23) 2.03(0.80) -0.25

(1.41)

-3.01

(-5.37/-0.65)

2.51

(0.15/4.87)

4 1.58(0.97) 2.61(0.72) -1.03

(1.43)

-3.83

(-6.23

Cochlear
aperture

4 1.88(1.23) 2.38(1.18) -0.50

(1.98)

-4.39

(-7.71/-1.07)

 

3.39

(0.07/6.71)

4 2.69(2.29) 2.64(0.46) 0.054

(2.16)

-4.19

(-7.81

Contralateral side

Axial   

Porus
acousticus

5 5.86(1.21) 6.10(1.07) -0.24

(0.91)

-2.02

(-3.38/-0.66)

1.54

(0.18/2.9)

5 5.87(1.49) 7.05(1.27) -1.18

(1.11)

-3.36

(-5.32

Cochlear
aperture

5 6.67(1.20) 6.86(1.17) -0.20 

(0.86

-1.89

(-3.18/-0.6)

 

1.48

(0.19/2.77)

5 7.06(1.35) 7.97(1.56) -1.12

(1.14)

-3.35

(-5.05

Figures
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Figure 1

The positioning and bandaging of the CI and reinforcement of the CI magnet prior to MRI scanning. a) The CI is positioned at the designated nasion-EAM
angle. A dummy processor was applied (removed in the image) to guide the appropriate distance from the EAM which was then recorded. b) The CI is
bandaged with the electrode array (arrow) taped to the superficial aspect of the bandage. c) and d) Padding was applied to the deep aspect of the magnet
silicone housing and e) a plastic disc was taped to the superficial aspect of the magnet housing.
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Figure 2

The evaluation of CI magnet displacement (HiRes 90K™ CI in the figure) after MRI scanning. a) Participant 8: The CI magnet after 0.55T MRI remains
displaced within the magnet housing. b) Participant 8: The CI magnet after 1.5T MRI is tilted within the magnet housing but remains contained by the lip
(arrow). c) and d) Participant 9: The CI magnet after 1.5T is dislocated from the magnet housing and is no longer contained by the lip (arrow in c) whilst on
the underside of the magnet casing there is visible indentation of the padding (arrow in d).

Figure 3

Paired temporal bone images at 0.55T and 1.5T illustrating the qualitative evaluation. a) 1.5T CISS image shows greater banding artefact (vertical arrows)
across the CPA, IAM and inner ear than the corresponding d) 0.55T CISS image, whilst there is greater CSF flow related in the CPA on the 0.55T study artefact
(horizontal arrow in d). Median scores for the IAM indicated high diagnostic confidence (score 4) and the majority of the structure being visualised without CI
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related artefact (score 2) at 1.5T, whilst there were very high diagnostic confidence (score 4) and visualisation entirely without artefact (score 4) at 0.55T.
Although there was no CI related artefact obscuring the CPA at 0.55T, the CSF flow artefact lowered the diagnostic confidence to adequate (score 2).  b) 1.5T
CISS image shows no CI related artefact obscuration of the lateral semicircular canal whilst there is obscuration on the e) 0.55T CISS image (arrow in e).
Median scores for the inner ear indicated very high diagnostic confidence (score 4) and complete visualisation without artefact (score 4) at 1.5T whilst there
was only adequate diagnostic confidence (score 2) reduced visualisation without CI related artefact (score 2) at 0.55T. c) 1.5T 2D T2-FSE and e) 0.55T 2D T2-
FSE images demonstrate degradation of the 1.5T images. This resulted from participant motion during a prolonged scan due to the SAR limits imposed by
the HiRes 90K™ cochlear implant. Whilst there is no CI related artefact, the blurring of the neural structures resulted in diagnostic confidence median scores
for the left IAM of adequate (score 3) at 1.5T whilst it was high (score 4) at 0.55T.

Figure 4

Measurement of the shortest distances between anatomical structures and the border of hard artefact. a) 1.5T CISS and d) 1.5T 2D T2-FSE demonstrate
measurements to the ipsilateral and contralateral porus acousticus. b) 1.5T CISS and e) 1.5T 2D T2-FSE demonstrate measurements to the ipsilateral and
contralateral cochlear aperture. The corresponding c) 0.55T CISS and f) 0.55T 2D T2-FSE images are shown. g) 1.5T CISS and i) 1.5T 2D T2-FSE demonstrate
sagittal reformats and measurements to the ipsilateral porus acousticus, whilst h) 1.5T CISS and j) 1.5T 2D T2-FSE demonstrate measurements to the
contralateral porus acousticus. Note the greater craniocaudal coverage of the CISS sequence; however, in all cases the nearest margin of hard artefact was
confirmed to lie within the imaged volume on both sequences.
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Figure 5

A plot of the distances between the nearest edge of the hard artefact and the porus acousticus for the 1.5T CISS, 0.55T CISS, 1.5T 2D T2-FSE and 0.55T 2D
T2-FSE MRI studies for each of the participants. There was substantial interparticipant variability in the relative magnitude of distances between sequences.
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