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Abstract

Objectives To investigate the feasibility of breast MRI exams and guided biopsies in patients with an implantable loop

recorder (ILR) as well as the impact ILRs may have on image interpretation.

Materials and methods This retrospective study examined breast MRIs of patients with ILR, from April 2008 to September

2022. Radiological reports and electronic medical records were reviewed for demographic characteristics, safety concerns, and

imaging findings. MR images were analyzed and compared statistically for artifact quantification on the various pulse sequences.

Results Overall, 40/82,778 (0.049%) MRIs during the study period included ILR. All MRIs were completed without early termina-

tion. No patient-related or device-related adverse events occurred. ILRs were most commonly located in the left lower-inner quad-

rant (64.6%). The main artifact was a signal intensity (SI) void in a dipole formation in the ILR bed with or without areas of periph-

eral high SI. Artifacts appeared greatest in the cranio-caudal axis (p <0.001), followed by the anterior—posterior axis (p <0.001),

and then the right—left axis. High peripheral rim-like SI artifacts appeared on the post-contrast and subtracted T1-weighted images,

mimicking suspicious enhancement. Artifacts were most prominent on diffusion-weighted (p <0.001), followed by T2-weighted

and T1-weighted images. In eight patients, suspicious findings were found on MRI, resulting in four additional malignant lesions.

Of six patients with left breast cancer, the tumor was completely visible in five cases and partially obscured in one.

Conclusion Breast MRI is feasible and safe among patients with ILR and may provide a significant diagnostic value, albeit

with localized, characteristic artifacts.

Clinical relevance statement Indicated breast MRI exams and guided biopsies can be safely performed in patients with

implantable loop recorder. Nevertheless, radiologists should be aware of associated limitations including limited assessment

of the inner left breast and pseudo-enhancement artifacts.

Key Points

e Breast MRI in patients with an implantable loop recorder is an infrequent, feasible, and safe procedure.

e Despite limited breast visualization of the implantable loop recorder bed and characteristic artifacts, MRI depicted additional
lesions in 8/40 (20%) of cases, half of which were malignant.

e Breast MRI in patients with an implantable loop recorder should be performed when indicated, taking into consideration
typical associated artifacts.
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Introduction

An implantable loop recorder (ILR) is a diagnostic monitor-
ing device that continuously records cardiac electrical activity
in order to diagnose an underlying arrhythmia or conduction
system disease [1]. ILRs are discreet devices, usually inserted
subcutaneously in the left prepectoral and parasternal position
under local anesthesia. Equipped with a battery life of about 3
to 5 years, an ILR is an important diagnostic tool in patients
with cryptogenic stroke, palpitations, and syncope [2].

In recent years, as indications for ILR placement have
expanded [3], the imaging manifestations of ILR have begun
to draw interest. Studies on the mammographic appearance
of various brands of ILR [4-6] suggest that mammography
can be safely performed among patients with ILRs, albeit
with suboptimal imaging quality, increased discomfort, and
increased anxiety during positioning [7].

Despite the associated technical challenges, the drive to
apply MRI in the vicinity of embedded metallic hardware
keeps increasing [8]. Currently available ILRs are labeled as
MRI-conditional to reflect their MRI safety category [9], for
both 1.5 T and 3.0 T field strengths [10]. Both cardiac and
thoracic MRI studies have demonstrated that MRI scans of
ILR patients can be safely executed with no impact on device
function, battery life, or patient-reported symptoms [9]. While
there are no absolute or relative contraindications for MRI
scanning among patients with ILR, the examination of condi-
tional ILRs should be performed within labeled scanning pre-
requisites specific to each device manufacturer [7]. Additional
concerns have arisen regarding metal-induced susceptibility
artifacts that can degrade image quality [11-13], as well as
signal artifacts affecting the recorded ECG activity, which
may be mistakenly interpreted as tachyarrhythmia [14, 15].

To the best of our knowledge, the impact of ILR on breast
MRI examinations and procedures has yet to be reported.
Therefore, the purpose of this study was to investigate our
institutional experience in conducting breast MRI in this
unique population, aiming to evaluate safety, image quality,
and clinical considerations.

Materials and methods
Study population

This single-institution study and retrospective data analysis
was approved by the Institutional Review Board and con-
ducted in compliance with the Health Insurance Portability
and Accountability Act. Using proprietary software, a com-
putational search of our institutional radiological informa-
tion system was performed; all breast MRI examinations
between April 2008 and September 2022 were surveyed to
identify reports containing the filter words “loop recorder.”
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Subsequent case-by-case verification was performed to
exclude misclassified cases.

MRI examination

MRI scans performed in our institution were executed on
either 1.5- or 3.0-T units with a dedicated breast coil (Signa;
General Electric) using a state-of-the-art MRI protocol,
including fat-suppressed T2-weighted, non-fat-suppressed
T1-weighted, and fat-suppressed T1-weighted dynamic con-
trast-enhanced (DCE) sequences before and after intravenous
administration of a gadolinium-based contrast agent, with
automatically generated subtraction and 3D reconstruction
images. Diffusion-weighted imaging (DWI) was intermit-
tently acquired. The complete MRI protocol is provided in
Supplementary Table 1, as previously described [16]. In addi-
tion, relevant cases performed at outside facilities and submit-
ted for second opinion review were also included; those scans
included DCE sequences but varied in the MRI protocols.

Data assessment

Radiological reports and electronic medical records were
reviewed for patients’ demographic characteristics and
clinical findings, which were categorized according to the
original interpretation by one of our 32 breast radiologists.
Electronic medical records were reviewed for identification
of any patient- or device-related safety concerns associated
with the MRI scan (i.e., any documentation of incidence
related to the MRI scan). MR images were analyzed by a sin-
gle fellowship-trained breast radiologist, N.N., with 12 years
of experience in breast MRI.

Statistical analysis

Statistical analysis included calculation of means and stand-
ard deviations (SDs) of the acquired parameters (GraphPad
Prism 5.03). The Mann—Whitney U test was used to evalu-
ate the intra-individual changes between the artifacts’ meas-
urements in each axis, as well as between the various MRI
sequences and between scans performed on 1.5 T vs. 3.0 T
(R: A language and environment for statistical computing,
2020). Statistical significance was defined as p <0.05.

Results
Patient characteristics
Overall, the term “loop recorder” appeared in 40 of

82,778 breast MRI reports, accounting for 0.049% of the
cases in the study timespan. The first MRI in a patient
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with loop recorder was performed in 2015, followed by
a second scan in 2016 and a third in 2017. Since 2018,
up to seven new patients with loop recorders underwent
breast MRI, each year. The study cohort was composed
of 31 patients (one with four MRIs, six with two MRIs),
including 30 females and one male, with an average age
of 63.6 +10.5 years (range: 39-85).

MRI indications for the 40 examinations among 31
patients were as follows: assessment of newly diagnosed
breast cancer (n =16, ten right-sided and six left-sided),
high-risk surveillance (n =18, including five patients with
a personal history of breast cancer, four with a family his-
tory, two with high-risk lesions, and one BRCA mutation
carrier), suspicious findings on other modalities (n=4),
and monitoring response to chemotherapy (n=2). Sum-
mary of the patients’ characteristics is provided in Table 1.

Safety

A case-by-case overview of the electronic medical records
of all 31 patients, conducted with a mean follow-up dura-
tion of 9.2 + 13.8 months (range: 1-48), confirmed that all
examinations were finalized without early termination and
no patient-related or device-related adverse events were
documented.

Artifact profiles

The loop recorder and the associated artifact epicenter were
most commonly localized in the left lower-inner quad-
rant (20/31 cases, 64.6%), whereas in the remaining 11/31
(35.4%) cases, the device was implemented in the left upper

inner quadrant.

Table 1 Patient and imaging

o . Patient Age Risk factors ~MRI indication Prior Prior US
Cha.I'aCtCI'IStl(.)S. L1§t of mammo-
patients and imaging workup
. . gram
characteristics. Four patients
had multiple examinations 1* 74  PH,FH High-risk screening Yes Yes
and all but one had prior .
2 73 Pretreatment evaluation of new ca Yes Yes

mammography and US

available. *Patient has multiple 3 85 Pretreatment evaluation of new ca Yes Yes

MRIs. PH, personal history 4 74 PH High-risk screening Yes Yes

of breast cancer; FH, family 5% 53 Evaluating FDG uptake on PET/CT Yes Yes

history of breast cancer; ALH, .

. . 53 Pretreatment evaluation of new ca Yes Yes

atypical lobular hyperplasia;

CEM, contrast-enhanced 7 70 Pretreatment evaluation of new ca Yes Yes

mammography 8* 62 LCIS High-risk screening Yes Yes
9 56 FH High-risk screening Yes Yes
10 66 BRCA 2 High-risk screening Yes Yes
11* 67 FH Pretreatment evaluation and post NAC response  Yes Yes
12% 49 Evaluating response to NAC Yes Yes
13 69 Pretreatment evaluation of new ca Yes Yes
14 77 Pretreatment evaluation of new ca Yes Yes
15 72 Pretreatment evaluation of new ca Yes Yes
16* 69 High-risk screening Yes Yes
17 49 Pretreatment evaluation of new ca Yes Yes
18 73 Evaluating FDG uptake on PET/CT Yes Yes
19* 59 ALH High-risk screening Yes Yes
20 49 Pretreatment evaluation of new ca Yes Yes
22 62 FH High-risk screening Yes Yes
23 61 Pretreatment evaluation of new ca Yes Yes
24 63 High-risk screening - -
25 81 Pretreatment evaluation of new ca Yes Yes
26 65 Pretreatment evaluation of new ca Yes Yes
27 61 PH Pretreatment evaluation of new ca Yes Yes
28 59 PH Evaluating nipple discharge Yes Yes
29 66 PH High-risk screening Yes Yes
30 39 FH Evaluating enhancement on CEM Yes Yes
30 50 Pretreatment evaluation of new ca Yes Yes
31 66 Pretreatment evaluation of new ca Yes Yes

@ Springer



158

European Radiology (2024) 34:155-164

The main artifact due to the ILRs was a signal void in
the ILR bed with or without areas of peripheral high sig-
nal intensity (SI). Altogether, ILR-induced artifacts varied
among patients, axes, and sequences. A representative case
illustrating the variable appearance of ILR-induced artifacts
in the various MRI sequences is presented in Fig. 1.

On post-contrast T1-weighted images, signal voids
were largest in the cranio-caudal axis (p <0.001), measur-
ing 6.4+ 1.2 cm (range: 4.1-9.1) on average, followed by
the anterior—posterior axis (p <0.001) measuring 5.0+0.9
(range: 3.5-7.2) on average, and then the right—left axis,
measuring 3.7 +0.7 (range: 2.1-4.9) on average. A repre-
sentative case illustrating the dipole artifact pattern seen on
T1-weighted images and plots of artifacts’ dimensions is
presented in Fig. 2.

Interestingly, in addition to the main SI void artifact, a
high-signal, mostly continuous, peripheral, rim-like arti-
fact was noticed in various sequences. This was of special
radiological significance on the post-contrast and subtracted
T1-weighted images, in which, on several slices, a periph-
eral high-SI focus artifact appeared, mimicking a suspicious

Fig.1 Loop recorder artifact appearance on the various MRI
sequences. Images of a representative 64-year-old patient with
implantable loop recorder. Left breast mammographic medio-lateral
oblique (MLO) view reference (a) highlights the relatively small
dimensions of the device and its position at the lower-inner breast.
Non-fat-suppressed pre-contrast T1-weighted image reveals signal
void in the device bed (b). High signal void artifact is demonstrated
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enhancement. Representative cases illustrating the typical
rim and the “pseudo-enhancement” focus high-SI artifacts
on T1-weighted images are presented in Figs. 3 and 4.

When comparing artifacts’ dimensions on the various
unenhanced MRI sequences, the sequence with the most
prominent artifact, as measured on the axial plane, was
DWI, measuring 8.9 +2.2 cm (range: 5.5-14.3) on aver-
age (p<0.001) at the largest diameter, followed by fat-sup-
pressed T2-weighted images, measuring 4.6 +0.8 cm (range:
3.2-6.4), and non-fat-suppressed T1-weighted images,
measuring 4.3+0.8 cm (range: 2.9-6.4). Artifacts on DWI
were characterized by high SI, geometrical distortions, and
associated ghosting artifacts in the phase-encoding axis.
Representative cases illustrating the prominent artifacts on
DW images (n=16), acquired using either echo planar imag-
ing (EPI) (n=13) or the multiplexed sensitivity-encoding
(MUSE) (n=3) sequences, are presented in Fig. 5.

Finally, no significant difference was found between the
artifacts’ largest diameter on T1-weighted and T2-weighted
images as compared between scans performed on 1.5 T
(n=8)vs.3.0T (n=11) (p=0.41-0.86), excluding cases

Zh. 2000

on fat-suppressed T2-weighted image (c¢) and diffusion-weighted
image (d), with associated geometrical distortions in the latter.
Post-contrast axial (e), subtracted (f), and sagittal (g) T1-weighted
images exhibit both central signal void and peripheral non-continu-
ous “ring-like” artifacts. Interestingly, the dipole pattern of inhomo-
geneity induced by a cylindrical metal object is best visualized on
the sagittal plane



European Radiology (2024) 34:155-164

159

Fig.2 Dipole artifact pattern on subtracted dynamic contrast-
enhanced (DCE) TI-weighted images and artifact measurements
in the three axes. Sagittal post-contrast T1-weighted image (a) of a
representative 69-year-old patient with implantable loop recorder,
exhibiting the typical dipole, four-leaf-clover-like artifact with central
signal intensity (SI) void and four round high-SI artifacts, prominent

performed at outside facilities (n = 14), and sequential scans
of the same patient (n="7).

Findings on MRI and MRI-guided biopsies

There were 23/40 (58.5%) negative MRI examinations. In
9/40 (22.5%) with known right (n=5) or left (n=4) breast
cancer, the tumor was visualized with no additional suspi-
cious findings. In 8/40 (20%), MRI showed suspicious find-
ings. Eight MRI-guided biopsies were performed, result-
ing in four malignant findings (one contralateral and three
additional ipsilateral to known cancers), and four benign
findings. Of the six cases with left breast cancer, ipsilateral
to the ILR, the tumor was distant from the artifact area and
completely visible in five cases, and partially obscured by
the artifact in one exam. A representative case demonstrating
the utility of MRI-guided breast biopsy in the presence of
ipsilateral ILR is presented in Fig. 6.

Discussion

Our initial experience performing breast MRI in the pres-
ence of ILR was successful; all diagnostic examinations and
MRI-guided biopsies were performed without cancelations,
no safety concerns arose, and, from a clinical standpoint,
breast MRI provided additional diagnostic information with
limited compromise.

Our results indicate that presence of an ILR among
patients undergoing breast MRI is relatively uncommon
and noted in<0.1% of breast MRI studies. Nevertheless,
the actual incidence might be higher, since our results rely
on a specific keyword search, potentially excluding exams

T1-w artifact diameter

*

Y W &

on the cranio-caudal (CC) axis, and representing the interference of
the implantable loop recorder with the magnetic field. Plots of box
((median + interquartile range (IQR)) and whiskers (1.5 IQR) of the
artifacts’ measurements in the three orthogonal dimensions, confirm-
ing the largest dimension on CC axis, followed by the anterior—poste-
rior (AP) axis, and the right-left (RL) axis (b)

without “loop recorder” reported by the radiologist. Accord-
ingly, a recent study on mammography utilization among
patients with pacemaker reported that in up to 16% of cases
the coexistence of pacemaker was not reported [17].

MRI in patients with therapeutic implantable cardiac
devices, such as permanent pacemakers and defibrillators,
is performed with caution and often requires pre-procedural
guidance and at times periprocedural device reprogramming
or the attendance of a cardiologist during the examination,
as the risk of device malfunctioning could be hazardous
[18]. On the other hand, MRI in patients with ILRs has been
shown to be safe [10, 14, 15, 19-24] as an ILR is a diagnos-
tic-only device; as such, the impact of MRI in patients with
ILR is minimal, though infrequent alteration or elimination
of stored ILR data as well as recorded artifacts has been
reported. Consequently, the Heart Rhythm Society recom-
mends that prior to MRI, an ILR should be interrogated
and clinically pertinent stored data should be downloaded
and subsequently cleared prior to the scan [7]. In accord-
ance, per our institutional policy, patients are advised and
encouraged to share this information with their cardiolo-
gist, prior to the scan; current ILRs also allow for remote
transmission which can be performed at any time prior to
MRI. The MRI imaging parameters for these devices should
follow the conditions listed by the manufacturer. It should
be noted that patients with implantable ILRs are monitored
for arrhythmias or conduction system disease that may have
led to cryptogenic stroke or syncope. Even though the latter
conditions are highly unlikely to manifest during the short
time of an MRI scan, it is important to monitor the patient
throughout according to standard institutional policies.

Technical challenges associated with MRI near metals
are relatively common in the orthopedic setting, in which

@ Springer
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Fig.3 “Pseudo-enhancement” artifact on subtracted dynamic
contrast-enhanced (DCE) T1-weighted images. MRI of a
74-year-old patient with implantable loop recorder, screened due
to personal history of breast cancer and extremely dense breasts.
Two different slice locations are represented in each row. In
the upper row, axial pre- (a) and post-contrast (b) T1-weighted
images reveal central signal void artifact and additional simi-

numerous types of metals are frequently embedded and peri-
prosthetic imaging is warranted [25]. In breast imaging, this
scenario is less frequent. Still, several metallic devices may
be encountered at the edge of the field of view, most com-
monly from proximal organs, including sternal wires, spinal
or shoulder joint hardware, certain types of drug delivery
ports, and cardiac devices [26]. Within the breast, suscep-
tibility artifacts near surgical clips, tissue air interface [27],
silicone implants [28], and biopsy markers are frequently
encountered, though the latter are usually limited to a few
millimeters [29] and provide an important role in guiding
future interventions [30].

Our results highlight several technical drawbacks associ-
ated with ILRs implanted near the left breast. The ILR, as
a spherical ferromagnetic material, acts as a dipole aligned
to the magnetic field and leads to inhomogeneity of signal
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lar but nonidentical high-signal foci. Subsequently, subtraction
image (c¢) of the misregistered pre- and post-contrast images
may show a “pseudo-enhancing” artifact, which could be misin-
terpreted as enhancing focus. In the second row, a more typical
continuous, peripheral, ring-like high signal is noted on the pre
(d), post (e), and subtracted (f) images, facilitating the diagnosis
of loop recorder—induced artifact

suppression, as well as enhancement of the local field (B0),
resulting in a four-leaf clover pattern of low- and high-SI
artifacts, respectively [31]. Accordingly, we encountered
differences in the artifacts’ dimensions, which were great-
est on the CC axis, orthogonal to the ILR plane. The dipole
pattern of artifacts was less destructive on the axial plane,
which most breast MRI protocols rely on, exhibiting smaller
artifact dimensions in parallel and anti-parallel to the device.
However, ILR-associated artifacts may be more harmful for
MRI-guided biopsies, which are executed in sagittal views
[32].

Two forms of artifacts are associated with MRI con-
taining metal devices. The first is related to signal loss
in the area surrounding the device as a result of magnetic
field changes, causing significant dephasing of the sig-
nal and signal loss [22]. Indeed, we encountered a signal
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Fig.4 “Pseudo-enhancement” artifact on subtracted dynamic contrast-
enhanced (DCE) T1-weighted images. MRI of a 54-year-old patient
with implantable loop recorder, screened due to family history of breast
cancer. Two different slice locations are represented in each row. In the
upper row, axial pre- (a) and post-contrast (b) images reveal central

void in the ILR bed, which limited visualization in the
partially obscured inner breast. The SI loss was mostly
localized in the inner lower breast, though measurements
varied between patients, probably due to differences in
ILR position and size, which vary according to manu-
facturer (Medtronic Reveal LINQ (45 X7 X4 mm), Bio-
tronik BioMonitor 2 (88 X 15X 6 mm), Abbott Confirm Rx
(49 x9x3 mm)) [6], and dictate the artifact extent in the
device bed. Nevertheless, from a diagnostic performance
perspective, reduced sensitivity due to decreased visibility
of this quadrant should be less likely, since this area of
the breast is the least frequent location of breast cancers,
accounting for only 7% of malignancies [33].

The second type of artifact is related to signal hyper-
intensity in DCE T1-weighted images. In the presence of
metallic objects, the local magnetic field homogeneity is
disturbed; in addition to signal loss, the signal can also
accumulate in one region, resulting in pile-up artifact
effects, whereby misregistered signal is shifted away from
a position [34]. These regions exhibit increased SI, which
may mimic suspicious contrast enhancement [21]. As
shown in the related figures, these hyper-intensities usu-
ally exhibit continuous, peripheral, rim-like shapes, and
therefore can be readily identified as artifacts. Yet, we also

.

1 'L‘:“,‘.A

signal void artifact and additional similar but nonidentical high-signal
foci, which result in a “pseudo-enhancing” artifact on the subtracted
respective T1-weighted image (c¢). Further inferiorly, the ring-like high
signal on the pre (d), post (e), and subtracted (f) images confirms the
presence of a characteristic loop recorder—induced artifact

demonstrated how, on given slices, “pseudo-enhancing”
foci may be displayed. This is a potential pitfall that radi-
ologists should be aware of, highlighting the importance of
scrolling through DCE-MRI slices to recognize the artifact
pattern in sequential slices[35].

Our results also highlight the vulnerability of DWI
for field inhomogeneity. Breast DWI has shown clinical
promise [36], and attempts have been made to integrate
this method into routine practice [37]. Typically, breast
DWI is rapidly applied using EPI to avoid motion arti-
facts. However, EPI is highly sensitive to field variations,
and tends to drastically underperform in the proximity of
metal. Consequently, and in agreement with our results,
it is well-established that DWI in general [38] and breast
DWI in particular [39] are prone to susceptibility arti-
facts. In recent years, several alternative pulse sequences
to diffusion-based EPI have been developed [40—43], but
these have not been attempted near metals, whereas other
advanced MRI techniques specifically designed for reduc-
ing metal-induced artifacts have yet to be studied for breast
[44, 45], leaving this an area for future research.

From a clinical perspective, and despite the above-
mentioned limitations, MRI examinations and proce-
dures in women with ILR did provide added diagnostic
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EPI-DWI

:

Fig.5 Loop recorder—induced artifacts and geometrical distortions on
diffusion-weighted images. Diffusion-weighted (DW) images of four dif-
ferent patients with implantable loop recorder, scanned with either echo
planar imaging (EPI)-based (a and ¢) or multiplexed sensitivity-encoding

value, to information obtained by conventional diagnostic
workup with mammography and ultrasound. Neverthe-
less, despite the advantages, MRI visualization of the
loop recorder area is more limited compared with mam-
mography [4, 6], as could also be appreciated in Fig. 1.

(MUSE)-based (b and d) techniques. Interestingly, each features a differ-
ent artifact appearance: EPI-DW images are characterized by vertical geo-
metrical distortion artifact along the phase-encoding axis, whereas MUSE-
DWI images exhibit horizontal ghosting artifact in the readout axis

Therefore, the possibility of missed cancers adjacent to
the ILR must be considered.

Limitations of this study include the small patient popula-
tion and the fact that it is a single-institution study. Based on
this cohort, we could not accurately quantitate the potential

Fig. 6 MRI-guided breast biopsy in the presence of ipsilateral
loop recorder. MRI of a 57-year-old patient with implantable loop
recorder and newly diagnosed left breast invasive mucinous carci-
noma, for whom MRI-guided biopsy was recommended and suc-
cessfully performed at two sites. Axial post-contrast T1-weighted
image (a) demonstrates the device artifact in the upper inner breast,
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as well as the non-mass enhancement in the upper outer breast with
susceptibility artifact in its anterior extent, denoting site of biopsy.
Sagittal images at medial (b) and lateral (c) positions respectively
show the typical dipole artifact on the cranio-caudal (CC) plane
and the two small susceptibility artifacts, corresponding with biop-
sies sites (arrows)



European Radiology (2024) 34:155-164

163

for false negative examinations. In addition, the inclusion of
patients scanned on different scanners and protocols may add
variability to the measurements performed. Finally, our safety
analysis was limited to evaluation of patient- or device-related
adverse effects, while assessment of ILR tracing artifacts or
impact on stored data was beyond the scope of this study.

Conclusions

Our initial experience with breast MRI examinations and
MRI-guided biopsies in patients with loop recorders shows
that these procedures are feasible and safe. Despite asso-
ciated artifacts that should be taken into consideration,
breast MRI, when indicated, can provide added diagnostic
value in this patient population.

Supplementary information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00330-023-10025-3.
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