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Magnetic Resonance Imaging in Patients with Cochlear Implants
without Magnet Removal: A Radiology-Administered Protocol to

Enhance Operational Efficiency and Improve Workflow
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†John I. Lane, †Heidi A. Edmonson, and *‡Matthew L. Carlson

*Department of Otolaryngology-Head and Neck Surgery, Mayo Clinic, Rochester, Minnesota; †Department of Radiology, Mayo Clinic,
Rochester, Minnesota; and ‡Department of Neurologic Surgery, Mayo Clinic, Rochester, Minnesota
Objective: To describe the development, implementation, and val-
idation of a radiology-administered protocol to obtain magnetic
resonance imaging (MRI) in patients with cochlear implants and
auditory brainstem implants without magnet removal.
Study Design: Retrospective review and description of novel care
pathway.
Methods: A radiology-administered protocol was designed based
on careful input from the radiology safety committee and
neurotology. Radiology technologist training modules, consent in-
structions, patient educational material, clinical audits, and other
safeguards were implemented, with samples provided in this re-
port. The primary outcomes measured included instances of mag-
net displacement during MRI and premature termination of MRI
studies secondary to pain.
Results: Between June 19, 2018, and October 12, 2021, 301 im-
planted ears underwent MRI without magnet removal, including
153 devices housing diametric MRI-conditional magnets, and
148 implants with conventional axial (i.e., nondiametric) magnets.
Among cases with diametric MRI-conditional magnets, all studies
were completed without magnet dislodgement or need to termi-
nate imaging early due to pain. Among cases with conventional
axial (nondiametric) magnets, 29 (19.6%) MRI studies were
stopped prematurely secondary to pain or discomfort; the overall
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rate of this event was 9.6% (29 of 301) among the entire study co-
hort. In addition, 6.1% (9 of 148) experienced confirmed magnet
displacement despite headwrap placement; the overall rate among
all cases was 3.0% (9 of 301). Eight of these patients received suc-
cessful external magnet reseating through manual pressure on the
external scalp without surgery, and one required surgical replace-
ment of the magnet in the operating room. There were no docu-
mented instances of hematoma, infection, device or magnet extru-
sion, internal device movement (i.e., gross receiver-stimulator mi-
gration), or device malfunction in this cohort related to MRI.
Conclusions: We present the successful implementation of a
radiology-administered protocol designed to streamline care for
cochlear implant and auditory brainstem implant recipients who
require MRI and ease clinical demands for otolaryngology pro-
viders. Examples of resources developed, including a process
map, radiology training modules, consent instructions, patient ed-
ucational materials, clinical audit, and other procedural safety
measures are provided so interested groups may consider adapting
and implementing related measures according to need.
Key Words: Cochlear implantation—Magnet removal—Magnetic
resonance imaging.

Otol Neurotol 00:00–00, 2023.
INTRODUCTION

Cochlear implantation is an well-established safe and ef-
fective rehabilitative option for adults with moderate to pro-
found sensorineural hearing loss (SNHL)who no longer suf-
ficiently benefit from hearing aids (1). As of December
2019, over 736,900 people have received a cochlear implant
worldwide and it is estimated that at least 1.2 million adults
in the United States and 50 million adults globally have at
least severe hearing loss and may benefit from this technol-
ogy (1,2). There has also been an increase in magnetic reso-
nance imaging (MRI) use observed, with an average of 82
MRIs being performed per 1,000 people in high-income
countries, increasing to 118 MRIs per 1,000 people in the
United States within the last decade (3). Correspondingly,
authorized reproduction of this article is prohibited.
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the number of cochlear implant recipients who have under-
gone MRI and who will have a diagnostic MRI recom-
mended in the future continues to rise.
Early cochlear implant models were consideredMRI un-

safe, and imaging was only performed after the internal
magnet was removed under strict imaging specifications
(4). Although considered “off-label”, several centers began
performing MRI studies in patients with retained internal
magnets after applying a tight headwrap, through special-
ized scanning protocols (5–7). These protocols typically re-
quired coordination of a radiologist, a MR safety physicist,
and an otolaryngologist, to enhance safety and imaging re-
sults. Between 2014 and 2019, all three FDA-approved co-
chlear implant device manufacturers have released MRI
conditional devices, for field strengths between 1.5 and
3.0 T, that incorporate internal magnets that dynamically
align (e.g., roll, rotate) with the MR static magnetic field
to reduce untoward translational forces. Despite these de-
velopments, many centers do not routinely scan patients
with retained internal magnets, given attendant concerns
of patient safety and escalated resources required for such
protocols.
The authors’ center has performed MRI on cochlear im-

plant and auditory brainstem implant recipients without
magnet removal since January 2012 (5,8). With initial pro-
tocols, an otolaryngology provider was required to meet pa-
tients in the MRI suite to assist with pre-scan head wrap-
ping and post-scan evaluation to examine for cochlear im-
plant magnet dislodgement or other adverse events.
Although this protocol was successful in producing quality
MR imaging with a relatively low rate of adverse safety
events, routine participation of an otolaryngology provider
often resulted in delays in radiology workflow. Similarly,
increasing demand for this service resulted in increasingly
strains on the otolaryngology service. Thus, a revised
radiology-administered protocol, without routine otolaryn-
gology provider involvement, was jointly conceived and re-
fined by the otolaryngology and radiology departments to
enhance operational efficiency and improve workflow.
The present study seeks to describe this recently imple-
mented radiology-administered protocol and provide sam-
ple resources so interested centers may consider adapting
and implementing related measures according to need.

METHODS

Institutional review board authorization was obtained be-
fore initiation of this study (16-006130). All cochlear im-
plant and auditory brainstem implant recipients who
underwent MRI with an internal magnet in place were in-
cluded, encompassing a range of device models from all
three FDA-approved cochlear implant manufacturers: Co-
chlear Corporation (Sydney, Australia), MED-EL GmbH
(Innsbruck, Austria), and Advanced Bionics Corporation
(Valencia, CA). Specifically, this scanning protocol was in-
clusive of all cochlear implant models, irrespective of MR
conditional status.
Beginning June 19, 2018, a revised radiology-administered

protocolwas implemented to streamlineworkflow and reduce
Otology & Neurotology, Vol. 00, No. 00, 2023

Copyright © 2023 Otology & Neurotology, Inc. Unauthori
clinical disruption; a process map is presented in Figure 1 and
further detailed here. When a provider places an order for
MRI, whether head imaging or otherwise, a series of order
prompts investigatewhether the patient has a cochlear implant
or other implantable devices. If an order is placed for an MRI
study on a patient with a cochlear implant, the MRI schedul-
ing team emails the institutionalMRI SafetyOfficer (MRSO).
If the order request is reviewed and approved by the MRSO,
the make and model of the cochlear implant is determined,
manufacturer MR guidelines are reviewed, and the patient is
scheduled under the protocol as indicated. Patients with
self-aligning magnets [i.e., Advanced Bionics Hi Res Ultra
3D, MED-EL SYNCHRONY, and Nucleus Profile Plus Im-
plant (Cochlear CI 600)] do not require head wrapping for
MRI and thus are not scheduled in “device slots.” In this pro-
tocol, all patients without self-aligning internal magnets un-
dergo headwrap placement and are scheduled in a “device
slot” where the patient is matched to an MRI technologist
trained in obtaining imaging with a cochlear implant magnet
in place and with an overseeing MR safety physicist present.

On the day of the MRI, the MRSO delivers a printout of
the device make and model and a cochlear implant device
checklist (Appendix I, http://links.lww.com/MAO/B628)
to the scanner where the patient is scheduled. Upon arrival,
informed consent is obtained, which includes a discussion
surrounding the estimated risks of performing the MR
study with the magnet in place, and alternative options,
including magnet removal (Sample Informed Consent
Form, Appendix I, http://links.lww.com/MAO/B629). The
protocol trained MRI technologist then screens the patient
for MRI safety and completes the device checklist through
the exam process. After safety screening, the patient is
brought to American College of Radiology (ACR) MRI
Zone III9 (i.e., the locked controlled access zone which
includes the MRI control panels and other support com-
ponents, but is outside Zone IV, the magnet room itself )
where they are provided basic instructions about optimal
positioning, what to expect during the exam, and how to
report discomfort.

The external processor of the cochlear implant is then re-
moved, a headwrap is placed if indicated (Fig. 2) (5,8), and
the patient is positioned supine on the MRI table. Currently,
headwraps are used for every device without an MRI condi-
tional self-aligning magnet; those with a self-aligning mag-
net do not receive a headwrap. Briefly, headwrap placement
consists of centering a 2-by-2-inch square of flat thermoplas-
tic splinting material over the cochlear implant magnet,
followed by limited gauze sponges or gauze wrap, and then
a Coban self-adherent wrap (3 M Health Care; Saint Paul,
MN) with the goal of obtaining a snug wrap (5,8). Ideally,
the patient should report a uniformly snug feeling, without
focal tenderness or true “pain;” because a typical MR exam-
ination often requires more than 40 minutes, any pain expe-
rienced early on will only magnify with time.

Patients are then slowly wheeled into the scanning room
(ACR Zone IV (9)), where the MRI is performed with the
physicist assisting in planning for specific absorption rate
(SAR) and metal suppression techniques, as previously de-
scribed (5). Typically 1.5 T MRI is used, however, if a
zed reproduction of this article is prohibited.
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FIG. 1. Process map detailing protocol for obtaining MRI in patients with cochlear implant or auditory brainstem implant magnets in place, from
ordering of the MRI through dismissal of the patient.
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specific MR sequence is performed using a 3T scanner and
the patient has a 3 T conditional device, then the MRI study
is conducted on a 3T scanner. To limit force and torque on
the cochlear implant or auditory brainstem implant magnet,
“dockable” examination tables are used for patient posi-
tioning outside the examination room, and patients are then
brought slowly straight into the bore (without angulation)
of the MR scanner to reduce translational forces on the in-
ternal device and potential discomfort (5,8,10). During MR
examination, the SAR is limited to maximal value of
1.0 W/kg, and a certified medical physicist ensures this
limit is not exceeded (5,8). A previous publication details
strategies used to reduce imaging artifact (8).
After completion of the MR scan, the patient is slowly

wheeled out of ACR Zone IV (9) in the same manner to min-
imize translational and torque forces. In ACR Zone III (9), the
patient is returned to the upright position, the headwrap is re-
moved if used, and the receiver-stimulator site is inspected vi-
sually and by palpation. If any concern for magnet tilt or rota-
tion is detected, an otolaryngology provider is contacted for
evaluation. In people with thin scalp tissue, identifying dis-
placement is often straightforward. However, for people with
thick scalps, or in cases of suspected mild displacement, an
oblique plain film x-ray, or use of ultrasound may be used
FIG. 2. Headwrapmaterials and stepwise protocol. PanelA demonstrates
wrap. Panel B shows the approximate positioning of the thermoplastic sp
(panelD) (used with permission; Fussell WL, Patel NS, Carlson ML et al. C
over 100 studies performed with magnets in place. Otol Neurotol 2021; 42

Copyright © 2023 Otology & Neurotology, Inc. Un
to clarify magnet seating (Fig. 3) (8,11). It is worth noting that
some devices with removeable magnets are subject to silicone
magnet housing fatigue and small tears that may occur during
past magnet removal, which heightens risk of future magnet
displacement. If no sign of dislodgement, the external proces-
sor is replaced, and baseline device functionality is subjec-
tively confirmed by the patient. The patient is then given a
small safety card outlining postimaging symptoms that may
indicate magnet rotation or displacement (Appendix I, http://
links.lww.com/MAO/B630), which includes the phone num-
ber to the otolaryngology appointment scheduling desk. If
no concerning signs or symptoms are present, the patient is
then accompanied back to the Zone II (9), examined by nurs-
ing staff as indicated (e.g., IV removed if contrast given),
escorted back the MRI lobby, and dismissed. Any adverse
events noted are carefully documented and investigated with
the goal of achieving maximum patient safety and process
improvement.

The MRI safety group maintains a detailed record of all
MRI studies performed on patients with cochlear implants,
with or without magnet removal. This record includes de-
vice make and model, anatomic site/subsites imaged, mag-
net rotation or displacement, premature examination termi-
nation secondary to discomfort, free text entry to archive
key supplies, including thermoplastic splint, gauze wrap, and Coban
lint, followed by placement of the gauze wrap (panel C) and Coban
ochlear implants and magnetic resonance imaging: Experience with
:51–58).

Otology & Neurotology, Vol. 00, No. 00, 2023

authorized reproduction of this article is prohibited.
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FIG. 3. Panel A demonstrates an oblique plain radiograph of a right cochlear implant demonstrating the magnet coplanar with the radiofre-
quency coil of the internal device. Panels B andC demonstrate oblique views of a left cochlear implant showing a tiltedmagnet out of plane with
the coil (used with permission; Fussell WL, Patel NS, Carlson ML et al. Cochlear implants and magnetic resonance imaging: Experience with
over 100 studies performed with magnets in place. Otol Neurotol 2021; 42:51–58).
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general information about patient experience, and other
rare but potential adverse events. For the purposes of this
study, a magnet was considered dislodged if magnet dis-
lodgement was confirmed via palpation, or less commonly
from imaging, by an otolaryngology provider. These re-
cords are regularly audited by the MRI safety team in
Otology & Neurotology, Vol. 00, No. 00, 2023

Copyright © 2023 Otology & Neurotology, Inc. Unauthori
conjunction with a designated cochlear implant surgeon
and compared with historic data to ensure patient safety,
operational efficiency, and to inform the need for protocol
revision. In addition, educational updates and refresher ma-
terial are provided to trained technologists based on proto-
col performance and updates to device models that may
zed reproduction of this article is prohibited.
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impact the protocol. Training consists of both online educa-
tional modules, and in-person traineeship under the direction
of an experienced MRI technologist. Online educational
modules were created through collaboration between the
MR safety group and the senior author (M.L.C.), a cochlear
implant surgeon. In brief, the modules review internal and
external cochlear implant components, possible complica-
tions (e.g., canting/tilting, reversal of polarity), artifact cre-
ated by the cochlear implant magnet, and an overview of
patient educational materials including consent, a safety card,
and contact information (Fig. 4). In addition, a video example
of placing a headwrap over the cochlear implant is included
in the online modules.
RESULTS

Study Population
Between June 19, 2018, and October 12, 2021, 162

unique implant recipients with retained internal device
magnets underwent MRI studies using the radiology ad-
ministered protocol. The median age at time of MRI study
was 66 years (IQR, 52.1–79.9 yr), 112 (69.1%) were male,
and 31 (19.1%) had bilateral cochlear implants. Consider-
ing that some subjects received more than one MRI study
under this protocol and many had bilateral cochlear im-
plants, the total number of times a cochlear implant underwent
MRI in this study was 301, including 153 implants housing
FIG. 4. MRI technologist online trainingmodule excerpts. Introduction to th
ponents of a cochlear implant and an example of a canted/tilted magnet (p
Example of headwrap and questions about symptoms of complications of
place (panel D).

Copyright © 2023 Otology & Neurotology, Inc. Un
diametricMRI-conditional magnets, and 148 implants with
conventional axial (i.e., nondiametric) magnets. Table 1
presents device data for the study cohort.

Outcomes for PatientsWithMRI-Conditional Cochlear
Implant Magnets

During the study period, there were 153 device-ears
housing diametric MRI-conditional magnets (up to 1.5 T)
that underwent MRI that did not require headwrap place-
ment (Table 1). All studies were completed without magnet
dislodgement or need to terminate imaging early due to
pain. No other patient- or device-related complications as-
sociated with MRI were documented in this cohort.

Outcomes for Patients With Conventional Axial (Not
MRI-Conditional) Cochlear Implant Magnets

During the study period, there were 148 device-ears hous-
ing conventional axial (i.e., not MRI-conditional) internal
magnets that underwent MRI that received a headwrap.
Within this subpopulation of subjects, 29 (19.6%)MRI stud-
ies were stopped prematurely secondary to pain or discom-
fort; the overall rate of this event was 9.6% (29 of 301)
among the entire study cohort (Table 2). The rate of this
event by manufacturer was 18.8% (26 of 138) for non–
MRI-conditional Cochlear Corporation devices and 30.0%
(3 of 10) for non–MRI-conditional Advanced Bionics Cor-
poration devices (p = 0.41).
emodule and course objectives (panelA). Slide demonstrating com-
anel B). Instructions regarding informed consent process (panel C).
MRI with cochlear implant or auditory brainstem implant magnets in

Otology & Neurotology, Vol. 00, No. 00, 2023

authorized reproduction of this article is prohibited.



TABLE 1. Device data for 301 implanted ears that underwent
an MRI study with the internal magnet in place

MRI Conditional Make and Model n % Total (153)

Advanced Bionics Corporation
Hi Res Ultra 2 1.3 24
Hi Res Ultra 3D 22 0.1

Cochlear Corporation
CI612 3 2.0 32
CI622 22 14.4
CI632 7 4.6

MED-EL GmbH
Concert 16 10.5 97
Sonata 1 0.7
Synchrony 80 52.3

Nonconditional Make and Model n % Total (148)

Advanced Bionics Corporation 10
HiRes 90K 7 4.7
HiRes 90 K Advantage 3 2.0

Cochlear Corporation
CI24 2 1.4
CI24M 1 0.7
CI24RCA 1 0.7
CI24RE 37 25.0
CI422 15 10.1%
CI512 13 8.8
CI522 49 33.1
CI532 4 2.7
ABI 24M 13 8.8
Nucleus ABI541 (ABI) 3 2.0

6 B. J. JOHNSON ET AL.
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Among cases with non–MRI-conditional internal mag-
nets, 6.1% (9 of 148) experienced otolaryngology provider
confirmed magnet displacement despite headwrap place-
ment; the overall rate among all cases was 3.0% (9 of
301). Eight of these patients received successful external
magnet reseating through manual pressure on the external
scalp without surgery, and one required surgical replace-
ment of the magnet in the operating room. The rate of this
event by manufacturer was 6.5% (9 of 138) for non–MRI-
conditional Cochlear Corporation devices and 0% (0 of 10)
for non–MRI-conditional Advanced Bionics Corporation
devices (p = 1.0). There were no documented instances of
hematoma, infection, device or magnet extrusion, internal
device movement (i.e., gross receiver-stimulator migra-
tion), or device malfunction in this cohort related to MRI.
TABLE 2. Data regarding MR examinatiions tha

Make and Model N

Advanced Bionics Corporation
Hi Res 90K 3

Cochlear Corporation
CI24M 1
CI24RCA 1
CI24RE 11
CI 422 1
CI 512 1
CI 522 10
ABI 541 1

Total 29

Otology & Neurotology, Vol. 00, No. 00, 2023

Copyright © 2023 Otology & Neurotology, Inc. Unauthori
DISCUSSION

Indications for MR imaging and the number of patients
with cochlear implants are increasing worldwide, and thus
the number of implant recipients who will need MRI con-
tinues to rise (2,3). Between January 2012 and June 2018,
the authors' center used a protocol that required regular
in-person participation of an otolaryngology provider before
and after each MR study. In earlier years, workload under
this model was tenable given a relatively low demand. How-
ever, with time, increasing demand resulted in escalating
MR workflow inefficiencies (e.g., waiting for ENT provider
availability) and clinical strains on the part of the otolaryn-
gology service. These changes motivated the development
and refinement of the described radiology-administrated
protocol, that was developed through close collaboration be-
tween the Departments of Radiology and Otolaryngology.
The protocol described herein has enhanced workflow in
the Radiology Department, decreased burden for otolaryn-
gology providers, and enhanced patient safety when com-
pared with a reference cohort. Most importantly, like past
protocols, it allows most patients to undergo MR imaging
without needing two procedures for magnet explantation–
reimplantation and attendant risks (12). This study also re-
ported no cases of magnet complications or need to prema-
turely terminate imaging acquisition for pain in patients with
MRI-conditional internal magnets, underscoring the benefit
of new diametric magnet designs. Notwithstanding, given
the large number of patients previously implanted with con-
ventional axial magnets, before availability of MRI condi-
tional devices, centers should anticipate continued need to
accommodate imaging needs among patients implanted with
earlier generation devices for many years to come.

Published rates of adverse events among cochlear im-
plant recipients undergoing MRI without magnet removal
vary from 3.5% to 33% according to study definitions
and experience (8,13–15). In this cohort, there was a rela-
tively low rate of magnet-related complications. Specifi-
cally, 6.1% who had nonconditional devices and were
scanned with magnet in-situ experienced magnet displace-
ment, of which only one required surgical magnet
reseating; the overall rate among the entire cohort was
3.0%. Notably, these rates are lower than a historic cohort
studied at the same institution, spanning January 2012
t were stopped prematurely secondary to pain

% Nonconditional Cases % all Cases

2.0% 1.0%

0.7% 0.3%
0.7% 0.3%
7.4% 3.7%
0.7% 0.3%
0.7% 0.3%
6.8% 3.3%
0.7% 0.3%
19.6% 9.6%

zed reproduction of this article is prohibited.
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through June 2014 (5), comprised exclusively of non-MRI
conditional devices performed before implementation of
the current protocol. In this previous study, 15% cases ex-
perienced a magnet-related complication. Furthermore,
19.6% of subjects with non–MRI-conditional magnets re-
quired premature MR study termination due to pain at the
implant magnet site; 9.6% of all cases. This is comparable
to a 13% discontinuation rate of a the previously studied co-
hort at the same institution (5). Although an in-depth statis-
tical comparison ofmagnet-related complications is outside
the scope of this study, the lower prevalence of magnet
complications in recent years can be reasonably attributed
to the benefits of MRI conditional magnets, and improve-
ments in our protocol over time.
This report provides granular description detailing the

implementation of a radiology-administered protocol to
obtain MRI in patients with cochlear implant magnet in
place. Within the last decade, we have received regular
inquiries from other centers regarding the details of our
CI-MRI scanning protocols and are often informed that
other radiology practices are reluctant to scan patients
with retained internal magnets given attendant safety
concerns and also constraints surrounding program in-
frastructure necessary to support this work. Specifically,
each scan requires substantially more time and resources.
However, these concerns must be weighed against the in-
convenience and potential risks of two surgical proce-
dures for removal and reimplantation of the cochlear im-
plant magnet. General surgical risks include a 1.9% risk
of infection (1), 1.1% risk of hematoma (1), as well as
the risk of weakening the silicone housing in which the
magnet sits, putting the patient at risk for dislodgement
of the magnet with routine use. In addition, patients incur
the general risks and cost of undergoing local or general
anesthesia, potentially halting antiplatelet or anticoagu-
lant medications, and the inconvenience of waiting at
least several days after the procedure before resuming
processor use again while the incision heals.
It has also come to our attention that other large centers

with well-established scanning protocols have experienced
similar workflow strains when using a traditional model re-
quiring regular onsite participation of otolaryngology pro-
viders. Thus, the primary impetus for this report is to pres-
ent a detailed blueprint of our most recently implemented
protocol to benefit other centers that are interested in incor-
porating a similar model, either on the whole or individual
aspects of the protocol based on specific need. In addition
to providing a process map and description of various tech-
nical aspects of our scanning protocol, we have included
sample educational material used for MRI technologist
training, and samples of safety forms and consent that
may be reviewed and adapted based on individual practice
need. We acknowledge that every center has unique proce-
dures in place for process implementation, protocol ap-
proval, and safety oversight. Thus, the protocol described
herein, along with example materials, must be thoughtfully
adapted to specific practice needs and regulations.
This study has several strengths and limitations that war-

rant discussion. Although obviating the need to wait for an
Copyright © 2023 Otology & Neurotology, Inc. Un
otolaryngology provider to leave clinic or the OR to assist
with headwrap and examination before and after each
MRI case incontrovertibly improves workflow, we do not
have granular data surrounding improvements in time and
cost-savings with the new protocol compared with past iter-
ations. We also do not have prospective patient-reported
outcome data comparing patient experience or discomfort.
With the overarching goal of improving patient safety and
workflow efficiencies, this publication highlights the bene-
fit of providing more in-depth process descriptions in fu-
ture publications on the topic—details which are com-
monly not sufficiently described and sometimes omitted
in past reports.
CONCLUSION

As indications for both MRI and cochlear implantation
expand, so will the number of MR studies recommended
in patients with cochlear implants. Motivated by MR
workflow inefficiencies and escalating clinical strains, the
Departments of Radiology and Otolaryngology jointly de-
veloped a radiology-administered protocol to streamline
care, reduce clinical strains, and improve patients’ safety
and care experience. Resources, including a process map,
radiology technologist trainingmodules, consent examples,
patient educational sample materials, clinical safety audit
log, and other procedural safety measures are included so
that this protocol may be reviewed and potentially adapted
by other centers according to specific needs.
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