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Abstract

Introduction: Cardiac implantable electronic devices (CIEDs) are increasing in prevalence. Exposing
patients with CIEDs to magnetic resonance imaging (MRI) can lead to adverse outcomes. This has
led certain radiology departments to not accept MRl referrals related to patients with CIEDs. Patients
with MR-conditional CIEDs can be safely scanned under specific conditions. Our institution has
accepted such referrals since 2014. The aim of this study was to systematically identify and reduce
risk in our CIED-MRI protocol using failure mode and effects analysis (FMEA).

Methods: A multidisciplinary FMEA team was assembled and included senior stakeholders from
the CIED-MRI protocol. A process map was constructed followed by risk analysis and scoring.
Targeted interventions were formulated and implemented; high-risk failure modes were prioritized.
A new process map and protocol were drafted and repeat risk analysis was performed. Monitoring
and re-evaluation of the CIED-MRI pathway were instigated at departmental quality assurance (QA)
meetings.

Results: Interventions included direct CIED characterization using wireless technology pre-MRlI,
CIED programming and reprogramming in the MRl suite before and immediately after MRI reducing
device downtime and continuous patient monitoring during MRI by a cardiac physiologist. The
cumulative risk priority number (RPN) decreased from 1190 pre-FMEA to 492 post-FMEA.
Discussion: Despite the risk of exposing CIEDs to the MR environment, patients with MR-conditional
CIEDs can be safely scanned with an appropriate multidisciplinary support. We found FMEA an
indispensable tool in identifying and minimizing risk with no adverse events recorded since FMEA
recommendations were implemented.
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Introduction . o .
numbers of magnetic resonance imaging (MRI) referrals for patients

Cardiac implantable electronic devices (CIEDs) is a term that refers with CIEDs. It is estimated that patients with CIEDs have a 75%

to pacemakers, implantable loop recorders and implantable defibril- chance of requiring an MRI in their lifetime [5]. There are numerous
lators. The increasing prevalence of CIEDs has been documented in potential complications when exposing CIEDs to MRI including
the literature [1-5] and noted at our institution which has seen rising device failure, induction of ventricular fibrillation and heating of the
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adjacent soft tissue [6, 7]. Patients may also have hardware from
previous devices that is therapeutically inactive but can pose a risk
if exposed to MRI [6]. As a result, the presence of a CIED had until
recently been considered a contraindication to MRI [8, 9].

The term MR-conditional CIED refers to a device ‘that has been
shown to pose no known hazards in a specified MR environment
with specific conditions of use’ [10]. The 2017 Heart Rhythm Soci-
ety guidelines made a class I (strong) recommendation that MR-
conditional CIED patients should only undergo MRI in institutions
with a standardized workflow model [9]. It is thus essential that
such institutions develop, implement and intermittently improve
standardized CIED-MRI protocols to minimize risk.

Scanning of MR-nonconditional CIEDs is not currently supported
by device manufacturers [11-14]. There is a reluctance to perform
MRI in such patients [15, 16]. Recent large-scale, prospective stud-
ies have suggested that MR-nonconditional CIEDs can also safely
undergo MRI using a standardized, protocol-driven approach [8, 17].

At our institution, we have processed over 600 CIED-MRI refer-
rals since 2014 using a defined protocol and multidisciplinary sup-
port; 350/600 patients went on to MRI. In order to minimize the
inherent risk of MRI in CIED patients, a failure mode and effects
analysis (FMEA) was undertaken. An FMEA is a systematic method-
ology that allows for proactive identification and reduction of risk in
complex clinical processes [18-20]. A recent review article described
FMEA in the medical setting as an ‘efficient method’ in reducing risk
and ‘improving service quality’ [21]; others have noted the benefits
of FMEA in complex radiology care pathways [18].

Aims

We aimed to identify and reduce risk in our CIED-MRI protocol using
FMEA and to share our findings.

Methods

Our private institution operates in an inner-city, tertiary referral
environment. All our CIED-MRI patients are scanned in a 1.5-T
magnet. We have onsite support from cardiology, cardiac physiology,
medical physics and experienced radiographers and radiologists and
access to 24-hour critical care facilities. We perform MRI on patients
with MR-conditional CIEDs on an inpatient and outpatient basis.

FMEAs are composed of six sequential steps [18]. First, a topic
was defined. We chose to critically appraise our local CIED-MRI pro-
tocol. Second, a committed team was assembled which included 10
individuals who were clinical contributors to the protocol. The team
was made up of two members from the medical physics department,
the chief cardiac physiologist and the MRI clinical specialist radiog-
rapher, three representatives from the quality department and three
physicians including a radiology consultant, a radiology resident and
an intern. Next, a process map of the current CIED-MRI protocol
was constructed (Fig. 1) which allowed the team to gain a holistic
understanding of the referral pathway.

Fourth, a risk analysis was performed where each step on the
process map was discussed and critically analysed by the FMEA
team. Potential failure modes were identified; a failure mode is
defined as anything that can go wrong during the completion of
a step in a process [22]. An example of a failure mode would be
the referring physician forgetting to mention that the patient has
a CIED. ‘Likelihood of occurrence’, ‘likelihood of detection’ and
‘severity of impact’ scores were assigned to each failure mode and

multiplied to yield a risk priority number (RPN) (see Table 1). RPNs
provide a numeric assessment of risk for each failure mode; higher
RPNs denote an increased risk. Team consensus was required when
assigning RPNs.

Fifth, an action plan was developed and implemented with tar-
geted interventions aimed at addressing the highest-risk areas. A
new process map was constructed including all interventions (Fig. 2).
Finally, a repeat risk analysis was performed by the team post-
intervention. Several methods were used to try and standardize RPN
designation and limit subjectivity where possible. For example, the
FMEA team utilized data from a recent departmental review of
125 CIED-MRIs when assigning ‘likelihood of occurrence’ scores
[23], personal experience of team members was taken into account
when assigning ‘likelihood of detection scores’, and the same team
members were used for both risk analyses. Individual and cumulative
RPNs were calculated to compare clinical risk in the new protocol
to the original protocol. Continuous monitoring and re-evaluation
of the CIED-MRI pathway was instigated at departmental quality
assurance (QA) meetings.

Ethical considerations
This quality improvement project was deemed exempt from ethics
review by the local institutional ethics committee.

Format
The reporting of this quality improvement project follows the pro-

posed Standards for Quality Improvement Reporting Excellence
guidelines [24].

Results

Main interventions and evolution of protocol

80% of the CIED-MRI referrals received at our institution were from
external sources. The heterogeneity of information and quality in
these referrals underlines the importance of having a standardized
process for vetting and safety assessment. Incorrect CIED informa-
tion in the referral was identified as a potential failure mode. As a
result, pre-MRI CIED interrogation by a cardiac physiologist with
wireless equipment was introduced to fully characterize the CIED
components. In addition, a mandatory review of the patient’s CIED
insertion note was implemented. This meant that staff were no longer
solely reliant on the Heart Rhythm Ireland (HRI) website and chest
X-ray for device characterization.

It was also noted that some referrers may not realize the risks of
exposing CIEDs to MRI. To combat this, educational material has
been shared locally with referrers and nationally with the Health
Products Regulatory Authority (HPRA). These interventions were
associated with a reduction in RPN for this failure mode from 180
pre-FMEA to 30 post-FMEA.

In some cases, CIED boxes or leads can be changed. As a
result, a patient may have an MR-conditional box with an MR-
nonconditional lead or vice versa. Failure to identify such cases has
potential adverse consequences. The introduction of direct device
interrogation and CIED insertion note review as described above
was associated with an RPN reduction from 120 pre-FMEA to 60
post-FMEA for this failure mode.

The HRI website stores CIED make and model information
and is a useful resource for patient-specific device characterization.
However, this information is manually entered into the website and
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Pre-FMEA CIED-MRI Referral Process Map
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Figure 1 Pre-FMEA process map.

Table 1 CIED-MRI process map FMEA: risk analysis measures and interventions

Likelihood of Likelihood of

. . P . .
::’r:;:sthe Failure Mode Failure Causes | Failure Effect(s) Occurrence Detection Sa’_ e;lr(;';y rotocol::;s: I::ductlon
(1-10) (1-10) 8
pro
MRI referral CIED not Poor referrer leading to 2 4 10 20 20 v Y
received mentioned knowledge device 2 2 10 . .
malfunction Pre-MRI questionnaire for all
patients to screen for CIED
Cardiac physiologist
Random Interrogates device & leads
referrer error. prior to scanning with wireless
Lack of . equipment to characterise
| t CIED D
MRI referral neorrect ¢ knowledge of | vevice 3 6 10 CIED components
5 information Lo incorrectly 180 30
received received the significance characterised 3 1 10
of accurate Obtain patient’s CIED implant
information in notes for comparison
this context
Referrer education
Local staff educati d
Radiographer Protocol not OcAa . stait education an
not aware of Poor followed training
MRI referral . X 3 1 10
. procedures Radiographer leading to 30 20 A
received N . 2 1 10 Competence-based initial
around scanning Education adverse L . .
training for radiographers with
CIEDs outcome . .
sign off by a supervisor
. Protocol not Enforcement of local MRI and
The referring The pressure to followed R "
MRI referral . " . 3 1 10 hospital policy
5 doctor overrides facilitate leading to 30 20
received safety concerns throughput adverse 2 1 10
y ghp! Referrer education
outcome

Continued
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Table 1 Continued

Step in the
Process

Failure Mode

Failure Causes

Failure Effect(s)

Protocol not

Likelihood of
Occurrence
(1-10)

Likelihood
of Detection
(1-10)

Severity
(1-10)

Pre FMEA
RPN

Post FMEA
RPN

Actions to Reduce
Occurrence of Failure

Enforcement of local MRI and

MRI referral Ra‘_jIOIOgISt The pr_e_ssure to followed leading 2 1 10 hospital policy
. overrides safety facilitate 20 10
received concerns throughput to adverse 1 1 10
Bhe outcome Staff education
CIED component
HRI website interrogation by cardiac
checked to EEETES ST G IeeTies 2 6 10 hysiologist prior to MRI
. information on during data characterisation 120 20 PY: EISEP
chasacierse HRI website entn of CIED 2 L 20
CIED ¥ Correlation with patient’s
CIED implant notes
el {Em Rl iilth':oor;]tFi’cc::elantcardiac
e || o el MR S Incorrect h sioli ist ri\(/:r to MRI
checked to conditional and component o 4 3 10 POy BIStp
5 . characterisation 120 60
characterise MR- alteration post 3 2 10 . 5 ]
- X . of CIED Correlation with patient’s
CIED nonconditional insertion K
J—— CIED implant notes to
P confirm the lead type
HRI website Incorrect CIED Screen-shot of search printed
Incorrect so that CIED model can be
checked to model selected by - 2 3 10 . .
. . N Human error characterisation 60 40 compared to insertion note
identify CIED the user during 2 2 10 S .
of CIED and device interrogation
components the search
results
Mngradlentand Senior radiographer consults
Safe MRI radiofrequency
. 3 2 8 vendors and manufacturers
sequence parameters Human error CIED malfunction 48 32 " . .
A 2 2 8 online regarding appropriate
planned incorrectly
sequences for CIED
selected
o |y | et o o
N v sing 5 with MR- 1 2 10 Chest X-ray is acquired and
X-ray to assess available for another hospital L 20 10 .
A nonconditional 1 1 10 reviewed on the day of MRI
CIED review or has not had a
. components
components prior X-ray
Competence-based initial
The Pptient The cardiac training with sign off from
at:tends physiologist Human Error ) supervisor
cardiology to . . Device 5 1 10
. fails to switch - 50 30 . .
switch CIED to CIED to MR Inexperience malfunction 3 1 10 CIED programming sign off
MR-conditional to i P by senior cardiac
mode conditional physiologist
mode
The patient
The patient does not
does not understand the
Pre-MRI questionnaire for
Patient attends inform dangers of Device 2 2 10 40 20 all aﬁen(::to screerl\ for th
MRI radiographer CIEDs in MRI malfunction 2 1 10 P
presence of CIED
that they have
a CIED Patient forgets
about CIED
Patient attends Im;:ir;i:t Error in patient Device 2 1 10 20 10 :gztjt(:f?crar\;::at;rﬁ:lple
MRI P identification malfunction 1 1 10 . P
scanned checklist

Continued
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Table 1 Continued

Failure e i Tl Severity il fost Actions to Reduce Occurrence
Step in the Process Failure Mode Failure Causes Effect(s) Occurrence  of Detection (1-10) FMEA FMEA of Failure
(1-10) (1-10) RPN RPN
Patient unaware Inadequate
of risks . q . . Include risk information in the
. 5 information Medicolegal 2 3 4 . .
MRI Performed associated with . ) 24 8 pre-scan questionnaire to
. provided to consent issues 1 2 4 L
CIEDs in the MRI . ensure the patient is informed
. patient pre-MRI
environment
CIED
complication Inherent risk Device 2 2 10 Patient monitored throughout
MRI Performed occurs despite with CIEDs and 3 40 20 scan by a senior cardiac
malfunction 2 1 10 . .
adequate MRI physiologist
controls
Radi h
a |0grap er Human error . MRI qualified senior
selects incorrect Device 3 2 8 . .
MRI Performed . . 48 32 radiographer selects scanning
scanning . malfunction 2 2 8
Inexperience sequence
sequence
The patient is Restrictive The radiologist should suggest
CIED deemed not | unable to have a . Delayed 3 2 8 an alternative diagnostic
selection i . 48 32 R .
safe to scan management criteria diagnosis 2 2 8 modality and inform the
altering scan patient’s referrer
The patient
re:l:,:rset: VA (R Cardiac event
. The patient fails | forgets or does . Cardiac physiologist resets CIED
cardiology " occurs during 2 6 10 X Lo N
to return to not realise the 120 10 in MRI suite immediately
department for . . CIED 1 1 10 X
cardiology importance . following MRI scan
CIED . downtime
. resetting CIED
reprogramming
The patient CIED reprogramming sign-off by
returns to a senior cardiac physiologist
. . Human error
cardiology Device . 1 6 10
. Cardiac event 60 40 o
department for incorrectly reset Inexperience 1 4 10 Competence-based initial
CIED P training with sign off from
reprogramming supervisor
The pati
patient Cardiac event . . .
returns to occurs durin Cardiac physiologist resets CIED
cardiology . 5 Patient uses Morbidity or 2 2 8 in MRI suite immediately
CIED downtime . 32 8 . )
department for in an isolated bathroom mortality 1 1 8 following MRI scan reducing
CIED area CIED downtime
reprogramming
SUM of All
RPNs 1190 492

Failure mode: What could go wrong?

Failure causes: Why would failure happen?

Failure effects: What would be the consequences of failure?
Likelihood of occurrence: 1-10, 10 = very likely to occur
Likelihood of detection: 1-10, 10 = very unlikely to detect
Severity: 1-10, 10 = most severe effect

RPN: likelihood of occurrence x likelihood of detection x severity

is thus open to human error. Instigation of device interrogation
and CIED insertion note review decreased the RPN of this failure
mode from 120 to 60. HRI is now informed of any errors or
discrepancies noted on their website so that they can be corrected. In
addition, we have contacted HRI and recommended the introduction
of barcode scanning technology to replace manual data entry on the
website.

In our pre-FMEA protocol, the patients attended the cardiology
department on the day of their MRI where their CIED was set to
MR-conditional mode by a cardiac physiologist. The patient was
then sent to MRI. Once the MRI was complete, the patient returned
to the cardiology department so that full CIED functionality could
be restored before leaving the hospital. Whilst switching to MR-
conditional mode CIEDs are not fully functional, this is a particularly
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Post-FMEA CIED-MRI Referral Process Map (changes in bold italics)

Post CIED insertion chest X-ray reviewed

Heart Rhythm website checked to assess

MRI appointment scheduled

if the CIED is MRI compatible, a YES Cardiology informed of the need for
MRI referral received screenshot of the search Is taken pacemaker reprogramming on day of
for patient with CIED > <LIED safe to scan : appointment
( Patient CIED insertion note containing
make and model information obtained Radiologist orders chest X-ray for same
day as MRI
Safe MRI sequence parameters planned NO l
by a senior radiographer = 4
NO Contact referring
physician and explain
that CIED is not
L compatible with MRI )
Cardiac physiologist is present in MRI
unit NO T
Patient gets chest X-ray on day of
CIED is interrogated with wireless appointment
technology to assess MR compatibility |
. Radiologist reviews chest X-ra
CIED safe to scan « CIED is cross referenced with HR <—— - CIED safe to scan -« log Y
website screenshot and CIED insertion Cardiology checklist and updated MR
note operator checklist completed and
signed
Pacemaker switched to MR-conditional
mode in MRI unit Informed consent is documented
- Scan Performed Cardiac physiologist
resets the CIED in the Patient leaves
Cardiac physiologist | —> |y it immediately = > hospital
remains in MRI unit s
during scan PO !

Figure 2 Post-FMEA process map.

vulnerable time for patients. The FMEA team noted that the patient
may not return to the cardiology department post-MRI or could
potentially have a cardiac event in an isolated area during CIED
downtime, e.g. in the bathroom. To prevent such occurrences and
minimize CIED downtime, the cardiac physiologist now attends the
MRI suite for the duration of the patient visit, programming the CIED
to MR-conditional mode, monitoring the patient continuously during
the scan and reprogramming the CIED immediately post-MRI. This
intervention reduced the RPN from 120 to 10 for this failure mode.

Secondary interventions

The HRI website is consulted for all CIED patient referrals to
obtain make and model information. This search requires the user
to select options from drop-down menus, a process that is prone to
human error. The FMEA team noted this and introduced a policy
whereby all HRI searches are compared to the CIED insertion note
and to the findings from device interrogation on the day of the
MRI, thus reducing the risk of incorrect device characterization. This
new policy also facilitates the identification of errors on the HRI
website. Competence-based training and CIED checklist sign-off for
cardiac physiologists have been introduced to improve staff knowl-
edge and accountability. Revision of the MR-operator checklist to
include additional patient risk information has helped to ensure that
patients are adequately informed pre-MRI. MRI parameter selection
responsibilities have been designated to senior MR radiographers,
thus decreasing the risk of inappropriate sequence selection.

Please refer to Table 1 for a step-by-step account of the risk
analysis and interventions. The highest impact interventions are
highlighted in grey on Table 1.

Discussion

We utilized the methodical approach afforded by FMEA to sys-
tematically identify risk within our CIED-MRI pathway, formulate
interventions and develop a new protocol with an improved safety
profile. The diverse nature of our team facilitated the identification of
failure modes and interventions. Senior FMEA team members from
radiology, medical physics, radiography, cardiology and the quality
department helped ensure that interventions were implemented and
adhered to locally. This project has given rise to a departmental
mentality of iterative process improvement, facilitated by monthly
QA meetings.

The cumulative RPN for our CIED-MRI protocol decreased
from 1190 pre-FMEA to 492 post-FMEA indicating a decreased
risk. To our knowledge, the benefits of FMEA in CIED-MRI pro-
tocols have not been documented in the literature. We believe that
FMEA provides a defined path to risk reduction in the clinical
setting and is generalizable to other MRI units and complex clin-
ical processes outside of radiology as evidenced by prior studies
[25-28].

Our MRI unit has accepted MR-conditional CIED referrals since
2014. An institutional review of 125 CIED patients who underwent
MRI revealed temporary complications in three patients including
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diaphragmatic stimulation, transient dizziness and difficulty repro-
gramming the CIED post-MRI [23]. We have not experienced any
long-term patient morbidity or mortality.

FMEA also allowed for the identification of several ancillary
areas for improvement in the MRI suite including regular interval
cardiac arrest simulation and the introduction of MRI suite safety
signs to increase visitor awareness of the risks associated with MRI.
Performing the FMEA in a multidisciplinary fashion led to stronger
collegial links between various departments and specialities involved.

On a background of increasing demand, many hospitals still do
not accept referrals from CIED patients despite evidence that such
scans can be safely performed using standardized processes. Surveys
performed in the UK and Ireland in 2017 and 2018, respectively,
revealed that <50% of MRI units accepted referrals for patients with
CIEDs [23, 29]. FMEA may provide a framework for MRI units that
did not previously accept CIED-MRI referrals to plan and implement
risk optimized protocols.

Limitations

There is an unavoidable element of subjectivity associated with fail-
ure mode RPN designation. The utilization of identical methodology
and the same FMEA team members in both risk analyses provided
consistency of interpretation and yielded pre- and post-intervention
risk score that was directly comparable.

Staff members were afforded dedicated project time to participate
in the FMEA, which was carried out in a cost-neutral fashion. Not all
institutions may be able to provide staff with dedicated project time.

To date, we have not scanned MR-nonconditional CIEDs at our
institution. However, there is evolving evidence to support this as a
safe practice [8, 17].

Conclusion

We believe that lessons learnt from our FMEA study are widely
applicable to other institutions given the multidisciplinary complex
processes involved.
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