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Abstract
Background—The safety and clinical utility of magnetic resonance imaging at 1.5T in patients
with cardiac implantable devices such as pacemakers (PM) and implantable cardioverter
defibrillators (ICD) have been reported. This study aims to evaluate the extent of artifacts on
cardiac magnetic resonance (CMR) in patients with PM and ICD (PM/ICD).

Methods and Results—A total of 71 CMR studies were performed with an established safety
protocol in patients with pre-pectoral PM/ICD. The artifact area around the PM/ICD generator was
measured in all short axis (SA), horizontal (HLA) and vertical long axis (VLA) SSFP cine planes.
The location and extent of artifacts were also assessed in all SA (20 sectors/plane), HLA, and
VLA (6 sectors/plane) late gadolinium enhanced CMR (LGE-CMR) planes. The artifact area on
cine CMR was significantly larger with ICD versus PM generators in each plane (P<0.001,
respectively). In patients with left-sided ICD or biventricular ICD systems, the percentages of
sectors with any artifacts on LGE-CMR were 53.7%, 48.0% and 49.2% in SA, HLA and VLA
planes, respectively. Meanwhile, patients with left-sided PM or right-sided PM/ICD had fewer
artifacts. Anterior and apical regions were severely affected by artifact due to left-sided PM/ICD
generators.

Conclusions—In contrast to patients with right-sided PM/ICD and left-sided PM, the anterior
and apical left ventricle can be affected by susceptibility artifacts in patients with left-sided ICD.
Artifact reduction methodologies will be necessary to improve the performance of CMR in
patients with left sided ICD systems.
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The clinical utility and safety of non-cardiac and cardiac magnetic resonance imaging (MRI)
at 1.5T in patients with cardiac implantable devices such as pacemaker (PM) and
implantable cardioverter defibrillator (ICD) systems has been investigated in previous
reports.1–12 Cardiac magnetic resonance imaging (CMR) can be instrumental for the
diagnosis of underlying cardiomyopathies, assessment of cardiac function and myocardial
viability, assessment of disease progression, and identification of arrhythmogenic
substrates.12–23 However, many patients with cardiac pathology who would otherwise
derive benefit from CMR will have received a cardiac device prior to referral for imaging.
We previously found that metallic PM and ICD (PM/ICD) can produce susceptibility
artifacts due to distortion of MRI magnetic field resulting in bright and dark artifacts
surrounding the generator and leads.7 Consequently, the risk to benefit ratio of performing
CMR in the setting of PM/ICD may be significantly altered compared to patients with PM/
ICD who require non-cardiac MRI.1–8,24 We sought to quantitatively assess susceptibility
artifacts on 1.5T CMR utilizing our previously reported safety protocol for patients with
PM/ICD. 1–3

Methods
The study protocol was reviewed and approved by the Johns Hopkins Institutional Review
Board. Written informed consent was obtained from all patients after potential risks of PM/
ICD exposure to MRI scanning were explained.

Device Safety Protocol for CMR in Patients with PM/ICD
Patients were enrolled if they had a clinical necessity for CMR, no acceptable imaging
alternative, and PM/ICD found to be safe by previous in vivo or in vitro testing.1–3 Patients
with device implantation <6 weeks before CMR and those with epicardial and abandoned
leads were excluded. Specific device models included Medtronic EnTrust (T154ATG),
GEMIII (7231), Insync (7272), Marquis (7274), Maximo (7232, 7278), Virtuso
(D154AWG, D154VRC); Boston Scientific Confient (E030), Contak Renewal (H119, H170,
H175, H210, H217, H219), Ventak Prizm (1852, 1860, 1861), Vitality (T125, T135, T165,
T167, T175, T177); and St. Jude Medical Atlas (V343, V366), Current (1207–36) Promote
(3207–36) ICD and BiV-ICD devices. Additionally, the following PM models were
included: Medtronic EnPulse (E2DR01, E2DR21), Kappa (KDR401, KDR701, KDR901);
Boston Scientific Insignia (1290); St. Jude Medical; Identity (5376, 5386), Integrity (5142,
5342, 5346), and Trilogy (2360). Device interrogation to assess parameters including battery
voltage, lead impedance, lead capture thresholds and sensing were performed immediately
prior to, immediately after, and at routine clinic follow-up. Pacing mode was programmed to
asynchronous in PM-dependent patients without a hemodynamically stable escape rhythm,
whereas the patients without PM dependence were programmed to the ventricular or dual-
chamber-inhibited pacing mode. Magnet response, noise response, ventricular sense
response, conducted atrial fibrillation response and tachyarrhythmia functions (monitoring,
antitachycaradia pacing, and defibrillation) were turned off before CMR. Devices were
reprogrammed to original settings after the completion of CMR. Blood pressure,
electrocardiographic telemetry, pulse oximetry, and symptoms were monitored. In addition,
a registered nurse trained in advanced cardiac life support and familiar with device
programming and trouble shooting was present at all CMR scans. The specific absorption
rate (SAR) of MRI sequences was limited to less than 2.0 W/kg during our initial experience
(27 of 71 CMR studies).1 After the initial period, given the lack of association between SAR
and device parameter changes10,11 and the unreliability of using SAR to guide MRI safety
recommendations12, no restrictions beyond standard manufacturer SAR limits were applied
in subsequent patients.
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Cardiac Magnetic Resonance Imaging
CMR scans were performed with a 1.5T scanner (Avanto, Siemens Medical Systems, PA)
with maximum gradient field 45 mT/m and slew rate 200 T/m/s. ECG telemetry, pulse
oximetry, blood pressure and symptoms were monitored during the scan. Cine steady-state
free precession (SSFP) gradient-echo images were obtained in multiple short axis (SA),
horizontal long axis (HLA) and vertical long axis (VLA) planes (echo time 1.1–1.6 ms,
repetition time 2.5–3.8 ms, average in-plane resolution 1.4×1.4 mm2; flip angle 45–60°;
temporal resolution 40–45 ms). Fifteen minutes after bolus injection of 0.2 mmol/kg
intravenous gadolinium contrast, late gadolinium enhanced CMR (LGE-CMR) was obtained
in 10–13 SA planes with an inversion-recovery fast-gradient-echo pulse sequence (echo time
1.3–3.9 ms, repetition time 5.4–8.3 ms, average in-plane resolution 1.5×2.0 mm2; 8 mm
slice thickness, flip angle 30 degrees). Inversion times (range 175–300 ms) were optimized
for each patient to maximize conspicuity of myocardial delayed enhanced area. Single
planes of LGE-CMR were also acquired in VLA and HLA planes. In a subgroup of patients,
three T2-weighted SA planes acquired by a T2-weighted turbo spin echo sequence before
contrast administration (echo time 76 ms, repetition time 1800–2100 ms, average in-plane
resolution 1.4×1.4 mm2, 10 mm slice thickness, flip angle 180 degrees), and first pass
myocardial perfusion imaging using hybrid fast gradient echo/echo planar technique in 4 SA
planes (echo time 1.0–1.1ms, repetition time 164–256ms, average in-plane sequence 1.9×1.9
mm2, 8 mm slice thickness, flip angle 12 degrees) were also performed. Contrast-enhanced
MR angiography was additionally performed in a subgroup of patients before and
immediately after contrast agent administration (echo time 1.0–1.1ms, repetition time 2.7–
2.9 ms, average in-plane sequence 1.0×1.0 mm2, 1 mm slice thickness, flip angle 25
degrees).

Measurements of Artifact due to PM/ICD
The maximum area of image susceptibility artifact was measured in SA, HLA and VLA
planes on cine CMR, and the percentage of cine CMR scans with any artifacts was also
assessed in the three different planes (Figure 1A). The artifact size and the percentage of
cine CMR scans with any artifacts in each plane were compared between patients with ICD/
BiV-ICD and those with PMs. The association of artifact size with generator dimensions
(area defined as height×width, thickness, weight, and volume) was evaluated. The feasibility
of cardiac function calculation based on cine CMR (ie, clear visualization of myocardial
borders free from artifact) was also evaluated in the four groups divided by the type of
cardiac devices (ICD/BiV-ICD, PM) and the implanted side of device generator (left, right).
The extent of artifacts on LGE-CMR in SA, HLA and VLA planes was recorded. To
ascertain regional differences in artifact, the left ventricular myocardium was divided into 20
sectors in each SA plane and 6 sectors in each single HLA and VLA planes (Figure 1B). The
percentage of sectors with/without artifact in the three different planes was assessed in the
four groups described above. The percentage of sectors with artifact was summarized using
the 17-segment model. The extent of artifacts in SA planes of cine CMR was assessed in the
same way as the analysis of LGE-CMR. The distance from the generator to the cardiac
silhouette on antero-posterior (AP) chest X-ray was measured (if the generator border
overlapped the cardiac silhouette the distance was reported as 0), and the association
between that distance and the percentage of sectors with artifact in SA, HLA and VLA
planes was assessed. In patients with left-sided ICD/BiV-ICD, the artifact effects on cine,
T2-weighted, perfusion and LGE-CMR images were compared. Finally, artifact effects due
to PM/ICD leads were assessed by measuring the area of artifact surrounding the lead tip in
SA cine CMR images. The artifact area surrounding PM/ICD leads was also measured in SA
planes of cine CMR at the tip of the lead. In a subgroup of patients who had previously
undergone cardiac computed tomography (CT), artifacts characteristics were qualitatively
compared between MRI and CT. Cardiac CT images were acquired using a 64-slice CT
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scanner (Aquillon, Toshiba Medical Systems Corporation, Tochigi, Japan). Image
acquisition was performed during one breath-hold at the end-expiratory phase. The duration
of scanning was approximately 10 seconds and scanning was retrospectively gated to the
cardiac cycle. CT images were reconstructed every 10% of the cardiac cycle with a slice
thickness of 1 mm.

Interpretability of CMR Images
The percentage of image series qualitatively defined as “successfully interpretable,”
“partially interpretable,” and “impossible to interpret” for each of 4 pulse sequences (LGE-
CMR, cine CMR, Perfusion CMR, and MR Angiography) were calculated and stratified by
location of device and underlying heart disease. All images were reviewed by 2 independent
observers and discrepancies (<5 cases) were resolved by the senior observer.

Statistical Analysis
All values are expressed as mean ± SD. Comparisons of continuous variables were made
using Student’s t-test, and categorical variables were compared with chi-squared testing or
Fisher’s exact test where appropriate. Spearman’s rank correlation test was used to assess
the association between artifact size and parameters related to generator dimensions. Linear
regression analysis was used to assess the relationship between the minimum distance from
PM/ICD generator to heart on frontal chest X-ray and percent sectors with artifact due to the
PM/ICD generator on LGE-CMR. All tests were two tailed and analyses were performed
using STATA 10 statistical software (StataCorp, College Station, Texas).

Results
A total of 71 CMR examinations were performed in 66 patients with PM/ICD between
November 2003 and March 2010. Of 71 scans, 56 (78.9%) were acquired in patients with
ICD or biventricular ICD (BiV-ICD) systems and 15 (21.1%) were acquired in patients with
PM systems. All ICD/BiV-ICD systems were implanted in the left infraclavicular pre-
pectoral area except 1 BiV-ICD, and 4 PMs which were implanted in the right
infraclavicular pre-pectoral area. Patient characteristics are summarized in Table 1. Patients
with ICD devices were older and more likely to have structural heart disease than those with
PMs. Body mass index (BMI) was similar between the two groups. Patient safety issues
have been reported separately.1

The estimated whole-body averaged SAR in each image acquisition sequence is reported in
Supplemental Figure 1. No clinically significant PM/ICD parameter changes requiring
system revision or re-programming were noted after CMR. The clinical indications for CMR
studies were as follows; (i) General assessment of myocardial function and viability in
patients with underlying heart disease (26 scans; 37%); (ii) Diagnosis of suspected cardiac
conditions (arrhythmogenic right ventricular cardiomyopathy, cardiac sarcoidosis,
myocarditis, etc) (7 scans; 10%); (iii) Preoperative evaluation of cardiac function, viability
and anatomy (prior to coronary artery bypass grafting, left ventricular plasty for ischemic
left ventricular aneurysm, valve surgery, heart transplant, radiofrequency catheter ablation,
or device upgrade to BiV-ICD) (27 scans; 38%); and (iv) Postoperative evaluation (coronary
artery bypass grafting, valve surgery, or congenital heart disease) (11 scans; 15%).

Artifact Size on Cine CMR
Artifact sizes in SA, HLA and VLA planes on cine CMR has been shown in the
Supplemental Table. Susceptibility artifacts were present on cardiac cine CMR in 100% of
SA planes, 26.9% of HLA planes and 76.1% of VLA planes in patients with left and right-
sided ICD/BiV-ICD systems. In contrast, artifacts were observed in 93.3% of SA planes,
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23.1% of HLA planes and 33.3% of VLA planes in patients with left and right-sided PM
systems. Artifacts were more likely to be present on SA planes compared to HLA planes
(P=0.0001). In VLA planes of cine CMR, artifacts were more common in patients with ICD/
BiV-ICD than those with PMs (P=0.012). The artifact size on every plane of cine CMR was
significantly greater in patients with ICD/BiV-ICD compared with those with PM. Artifacts
size in patients with ICD/BiV-ICD systems was significantly smaller in HLA planes than in
SA or VLA planes (P<0.0001). Supplemental Figure 2 illustrates the correlation between
artifact size in each plane and generator dimensions. The artifact area surrounding the tip of
PM/ICD leads on cine CMR averaged 1.05±0.35 cm2 and 1.09±0.38 cm2 for PM and ICD
leads, respectively.

Artifact Effects on Cardiac Function Evaluation by Cine CMR
CMR images of patients with left-sided ICD/BiV-ICD systems had more artifact effects on
SA plane of cine CMR compared with those in patients with left-sided PM and right-sided
PM/ICD (18.9 vs 0%, P<0.0001, respectively) (Supplemental Figure 3A). The anterior
region on SA planes of cine CMR were more likely to be affected by artifact than other
regions (P<0.0001) (Supplemental Figure 3B). Severe artifacts observed in more than half of
the myocardial sectors on cine CMR precluded accurate cardiac function evaluation in 8
scans (14.5%). In contrast, it was possible to evaluate cardiac function by cine CMR in 47 of
55 CMR scans (85.5 %) in the setting of left-sided ICD/BiV-ICD systems and all CMR
scans (16 scans) in patients with left-sided PM and right-sided PM/ICD. Patients in whom
cardiac function evaluation was possible had higher BMI and greater left ventricular end-
diastolic diameter (LVEDD) compared to those in whom cardiac function could not be
calculated (P=0.019 for BMI, P=0.045 for LVEDD, Table 2).

Artifact Effects on LGE-CMR
In patients with left-sided ICD/BiV-ICD systems, artifacts on LGE-CMR were observed in
4501 of 8379 sectors (53.7%) in SA planes, 147 of 306 sectors (48.0%) in HLA planes, and
124 of 252 sectors (49.2%) in VLA planes. On the other hand, no artifact on LGE-CMR was
confirmed in HLA and VLA planes in patients with left-sided PM, or any planes in patients
with right-sided ICD/BiV-ICD systems. Only 146 of 1493 sectors (9.8%) in SA planes had
artifacts in patients with left-sided PM (Figure 2A). The characteristic distribution of
artifacts in patients with left-sided ICD/BiV-ICD devices has been summarized in Figure
2B. The anterior regions were more affected by artifact due to the ICD/BiV-ICD generator
in SA planes. The apical myocardial regions were also influenced by the artifact compared
with basal regions in HLA planes. In VLA planes the anterior apical regions were severely
affected by the artifact. In comparison with left-sided ICD/BiV-ICD systems, fewer sectors
needed to be excluded due to artifacts of left-sided PM generators (Figure 2C). The
percentages of sectors with artifacts on LGE-CMR have been summarized by the 17-
segment model (Figure 3). The mean distance from PM/ICD generator to the silhouette of
heart on AP chest X-ray was 24.8±16.5 [range; 0–57] mm in patients with left-sided ICD/
BiV-ICD and 29.3±20.5 [0–44.6] mm in left-sided PM. The distance from generator to heart
was significantly associated with the percentage of the sectors with artifacts on LGE-CMR
in each plane (R2=0.474, P<0.0001 in SA planes, R2=0.566, P<0.0001 in HLA planes,
R2=0.391, P=0.0001 in VLA planes). The artifacts due to PM/ICD leads were much smaller
than those due to the PM/ICD generators. Less artifact effects due to the PM/ICD leads were
observed regardless of the image sequence and type of PM/ICD leads such as ICD, PM or
coronary sinus leads.
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Comparisons of Artifact Effects on cine CMR, LGE-CMR, T2-weighted and Perfusion CMR
images

Of 55 patients with left-sided ICD systems, 13 patients (23.6%) underwent all T2-weighted,
perfusion, cine, and LGE-CMR sequences. Artifact effects on the three corresponding SA
planes of cine, T2-weighted, perfusion and LGE-CMR images were compared in each
myocardial region such as septal, anterior, lateral and inferior regions (Figure 4). Compared
with other image sequences, susceptibility artifacts due to the ICD/BiV-ICD generator were
most extensive on LGE-CMR and affected all regions except the inferior wall (LGE-CMR
vs. cine CMR, T2-weighted and perfusion CMR in septal, anterior and lateral myocardial
regions; P<0.001, respectively). Most artifacts on T2-weigthed images were due to cardiac
motion or arrhythmia rather than the susceptibility artifacts from the PM/ICD generator.

Interpretability of CMR Images
The percentages of cine, perfusion, LGE-CMR, and MR angiography sequences with
interpretable images have been summarized in Table 3. All CMR images were interpretable
in patients with PM and right-sided ICD systems (16/16 scans; 100%). In contrast,
interpretability of CMR images in patients with left-sided ICD/BiV-ICD systems was
dependent upon the extent of susceptibility artifacts due to PM/ICD generators. Despite the
presence of some artifact in most image sequences, images were completely (18/55 scans;
32.7%) or partially (31/55 scans, 56.4%) interpretable in most patients with left-side ICD/
BiV-ICD systems.

Discussion
Despite prior demonstration of overall safety, MRI in the setting of PM/ICD systems may be
associated with risks including heating, current induction leading to arrhythmia, generator
movement, and/or PM/ICD malfunction.1–12 Therefore, the risks of CMR must be weighed
against the potential clinical utility of images to be acquired in each case. By reporting the
extent of artifact in each sequence and associations with generator size, location, and patient
characteristics, this study enables improved patient selection for CMR. The extent of each
plane involved by artifact on cine CMR was dependent upon the imaging plane. Artifacts
were more pronounced in the SA plane compared to HLA and VLA planes largely due to
the proximity between the PM/ICD generator and affected regions of the heart in each plane.
Artifact size on cine CMR was also significantly associated with the size of the PM/ICD
generator. We found that the artifact size due to ICD/BiV-ICD devices was greater than that
with PM devices in proportion to the size of PM/ICD generator. It was possible to evaluate
cardiac function using cine CMR in 86% of patients with left sided ICD. The most
significant predictors of the capability to assess cardiac function were BMI and LVEDD.
Both associations are likely mediated by the distance between the PM/ICD generator and the
heart. Scans with right-sided ICD/BiV-ICD and PM systems had no effects on LGE-CMR
images. In patients with left-sided ICD/BiV-ICD systems the artifacts on LGE-CMR images
were most often localized to the anterior and apical myocardial regions. The artifact effects
on LGE-CMR were significantly greater than cine, T2-weighted, and perfusion CMR
images in patients with left-sided ICD systems. T2-weighted images scanned by the turbo
spin echo sequence had less susceptibility artifacts due to PM/ICD generator compared with
other image sequences.25,26 Additionally the distance between the PM/ICD generator and
cardiac silhouette on frontal chest X-ray (AP) was inversely associated with artifact size on
LGE-CMR.

Artifacts Effects on CMR due to PM/ICD Leads
Artifacts on CMR created by PM/ICD leads are smaller than those by PM/ICD generators.
Artifacts due to PM/ICD leads did not affect image interpretation in any patient regardless
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of the image sequence or the type of lead. The conducting wires and ICD coils of PM/ICD
leads, although ferromagnetic, are thin and therefore associated with significantly less
artifact compared with PM/ICD generators. In addition, the lead tips are made from non-
ferromagnetic materials such as platinum or other alloys which result in minimal artifact on
CMR images. Artifacts of PM/ICD leads on cardiac CT are qualitatively larger than those on
CMR (Figure 5).27 Based upon our experience, CMR appears to be the superior modality for
evaluation of myocardium near PM/ICD leads (e.g to rule out perforation).

Mechanism of PM/ICD Artifacts on MRI
Metallic PM/ICD components have magnetic susceptibilities that are very different from
human tissue. Such disparities in magnetic susceptibility lead to significant distortion of the
MRI magnetic field and result in image artifacts (Figure 5). Various metallic PM/ICD
components contribute differently to the observed artifact. For example, ferromagnetic
components such as stainless steel made from iron alloys result in significantly larger
artifacts than components made from materials such as titanium which have much lower
relative magnetic susceptibility.25,26 The size and orientation of the artifact are associated
with the direction and strength of the magnetic field, the relative magnetic susceptibility of
the PM/ICD, and the type of pulse sequence being used. SSFP gradient echo and inversion
recovery sequences with longer echo times are associated with increased magnetic
susceptibility artifacts compared to gradient echo and spin echo sequences.25,26 Artifacts
due to PM/ICD generators can be reduced by use of lower magnetic field strength and
shorter echo times, however such adjustments may compromise the image signal intensity
and contrast. The use of spin echo techniques produces black blood contrast which is not
always desirable and is typically associated with high SAR which may reduce safety.1–12,24

Importantly, PM and ICD/BiV-ICD systems substantially differ from other metal implants
such as orthopedic artificial joints26 and dental implants.28 PM/ICD are intricate electronic
devices, and their dysfunction can be directly associated with life-threatening events. These
limitations must be taken into account when adjusting parameters to reduce artifact size on
CMR.

Study Limitations
In the current study, we analyzed the artifacts on the most commonly utilized sequences in
CMR including SSFP cine, LGE, T2-weighted, perfusion and contrast-enhanced MR
angiography. Artifacts in other image sequences were not evaluated. Additionally, newer
“MRI conditional devices” were not studied. However, the modifications incorporated into
such systems primarily focuses on safety, rather than artifact reduction. This study included
only 1 patient with a right-sided BiV-ICD system, therefore artifact effects in this setting
could not be sufficiently evaluated. All PM/ICD generators were implanted in the
infraclavicular pre-pectoral area; therefore, artifact effects due to submuscular devices were
not investigated. Although interpretability was assessed by two independent observers and
disagreements were rare, the measure is subjective and an inter-observer reliability analysis
was not performed. Distance between the generator and the cardiac silhouette on frontal
chest X-ray was considered the most readily available quantifiable parameter prior to CMR
and was therefore used as predictor of artifact effects in this study. However, the distance on
frontal x-ray is an uni-dimensional surrogate of the true distance and 3-dimensional imaging
techniques may improve the association.

Conclusions
This study demonstrated artifact characteristics on SSFP cine, T2-weighted, perfusion, LGE-
CMR and MR angiography in patients with PM/ICD. The utility of CMR in patients with
left-sided ICD/BiV-ICD systems may be limited due to larger PM/ICD artifacts than in
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patients with PM or right-sided ICD/BiV-ICD systems. Artifact reduction methodologies for
CMR in the setting of left-sided PM/ICD systems warrant further investigation.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

BiV-ICD biventricular ICD

BMI body mass index

CMR cardiac magnetic resonance imaging

CT computed tomography

HLA horizontal long axis

ICD Implantable cardioverter defibrillator

LGE-CMR late gadolinium enhanced CMR

LVEDD left ventricular end-diastolic diameter

MRI magnetic resonance imaging

PM pacemaker

SA short axis

SAR specific absorption rate

SSFP steady-state free precession

VLA vertical long axis
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Clinical Implication

The decision to perform CMR in patients with cardiac pacemakers (PMs) and
implantable cardiac defibrillators (ICDs) depends on the balance of risks versus benefits
of imaging in each individual. While considerable work has focused on safety
considerations, this work evaluated the potential limitations imposed on CMR by
susceptibility artifacts in patients with PM/ICDs. In patients with left-sided PM, and
right-sided PM/ICD systems, CMR images had minimal artifacts regardless of the image
sequence and were completely interpretable. In contrast, in patients with left-sided ICD/
BiV-ICD systems, artifact effects on LGE-CMR were greater than those on MR
angiography, cine, T2-weighted, and perfusion CMR. We found it particularly difficult to
evaluate the anterior and apical regions on LGE-CMR of patients with left sided ICD/
BiV-ICD systems. Lower BMI, larger generator size, larger LVEDD, and shorter
distance between the PM/ICD generator and the cardiac silhouette on chest X-ray are
associated with greater artifact size on CMR. The results of this study may improve
patient selection for CMR in the setting of PM/ICD systems.
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Figure 1. Methodology for Measurement of Artifacts on Cine CMR and LGE-CMR
Artifact size on SSFP cine and late gadolinium enhanced cardiac magnetic resonance
imaging (LGE-CMR) was measured in SA, HLA and VLA planes. (A) The artifact size on
cine CMR due to the PM/ICD was measured. Percent sectors with any artifacts on cine
CMR were also assessed in each plane. (B) The regional artifact effects on LGE-CMR due
to the generator were quantitatively estimated in each plane (divided into 20 sectors in SA, 6
sectors in HLA, and 6 sectors in VLA planes, respectively).
SSFP=steady state free precession; SA=short axis; HLA=horizontal long axis; VLA=vertical
long axis; PM/ICD=pacemaker and implantable cardioverter defibrillator.
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Figure 2. Artifacts Effects on LGE-CMR
Artifact effects in each plane of LGE-CMR due to the generator were quantitatively assessed
in patients with left and right-sided ICD/BiV-ICD or PM systems. (A) The greatest artifact
on LGE-CMR was observed in patients with left-sided ICD/BiV-ICD. About 50% of the
sectors were affected by the artifact. (B) Details about the regional artifact effects on SA
planes are demonstrated in patients with left-sided ICD/BiV-ICD and PM systems. The
anterior and apical regions were severely affected by artifacts due to the generator in
patients with ICD/BiV-ICD systems. Smaller artifacts were observed in patients with left-
sided PM systems. (C) The regional artifact effects on HLA and VLA plane are shown in
patients with left-sided ICD/BiV-ICD systems. The apical regions on HLA and VLA planes
were severely affected by the artifact.
BiV=biventricular; See abbreviations in Figure 1.
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Figure 3. 17-Segment Model of Artifacts Effects on LGE-CMR
Artifact effects on LGE-CMR in patients with left-sided ICD/BiV-ICD are summarized
using the 17-segment model. The percentages of sectors with artifact on LGE-CMR were
divided into 4 groups (1–25, 26–50, 51–75, 76–100%).
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Figure 4. Comparison of Artifact Effects on Cine, T2-weighted, Perfusion, and LGE-CMR
Comparison of artifact distribution and extent (asterisks) due to the ICD generator on (a)
cine CMR, (b) LGE-CMR, (c) T2-weigthed and (d) perfusion CMR images. (e) The
percentage of the sectors without any artifacts on short axis planes in each image sequence.
Artifacts effects on LGE-CMR images were greater compared with the other images in all
except the inferior myocardial regions (LGE-CMR vs. cine, T2-weighted and perfusion
CMR in the septal, anterior and lateral myocardial regions; P<0.001, respectively).
*P<0.001 vs. LGE-CMR, **P<0.01 vs. LGE-CMR, †P<0.001 vs. T2-weighted CMR;
††P<0.01 vs. T2-weighted CMR.
See abbreviations in Figure 1.
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Figure 5. Artifacts Effects on CMR due to PM/ICD Leads
Comparison of artifacts due to the ICD generator and lead in both CT (a, b) and MRI (c, d)
in a patient with single chamber ICD. Artifacts due to the lead were smaller on MRI
compared with CT. In contrast, artifacts due to the generator were larger with MRI.
CT=computed tomography. See abbreviations in Figure 1.
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Table 1

Baseline Characteristics

ICD/BIV-ICD
N=56 Scans

PM
N=15 Scans P-Value

Age 59±15 43±16 0.001

Female/Male 8/48 7/8 0.012

ICD/BiV-ICD 42 ICD/14 BIV-ICD (−)

Generator Left-sided/Right-sided 55/1 11/4 0.006

Structural Heart Disease 56 13 0.042

ICM/NICM/HCM/Congenital/Others 38/16/1/0/1 0/7/1/6/1 <0.0001

Body Weight [kg] 81.6±16.5 70.3±15.3 0.034

Body Height [cm] 176.8±8.8 166.8±16.0 0.056

Body Mass Index [kg/m2] 26.0±4.0 25.4±5.3 0.688

Ejection Fraction [%] 34.0±15.9 51.5±16.5 0.002

LVEDD [mm] 56.8±10.8 45.4±5.6 0.006

Possible Cardiac Function Evaluation by Cine CMR 47/55 (85.5%) 15/15 (100%) 0.266

Patients with CT Data 22 (39.3%) 4 (26.7%) 0.548

Generator Size

 Height [mm] 68.8±6.6 46.7±3.8 <0.0001

 Width [mm] 56.2±5.7 46.7±4.4 <0.0001

 Area (Height*Width) [cm2] 38.7±7.1 21.7±2.0 <0.0001

 Thickness [mm] 13.1±1.8 6.9±0.9 <0.0001

 Weight [g] 81.5±8.9 24.3±1.8 <0.0001

 Volume [cc] 36.4±6.0 11.3±0.9 <0.0001

Values are shown as mean ±SD.

ICD=ICD; BiV-ICD=biventricular-ICD; LVEDD = left ventricular end-diastolic diameter; CT=computed tomography.
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Table 2

Predictor of Cardiac Function Evaluation by Cine CMR

Cardiac Function Evaluation by Cine CMR in patients with Left-sided ICD/
BiV-ICD

P-Value
Possible

N=47 Scans
Impossible
N=8 Scans

Age 58±14 64±20 0.27

Female/Male 7/39 1/7 0.84

Body Mass Index [kg/m2] 26.9±3.9 23.1±2.8 0.019*

Ejection Fraction [%] 34.0±16.1 34.0±17.1 0.996

Left Ventricular End-Diastolic Diameter [mm] 55.3±10.8 65.0±7.7 0.045*

Artifact Size on Short Axis of Cine MRI [cm2] 200.3±32.4 186.6±19.7 0.478

Minimum Distance from Generator to Heart [mm]

 Frontal Chest X-ray 31.7±20.9 15.7±15.0 0.08

 Lateral Chest X-ray 32.2±4.0 33.2±3.6 0.58

Generator

 Height*Width [cm2] 38.7±6.4 39.2±7.5 0.82

 Thickness [mm] 13.0±1.8 13.0±1.7 0.99

 Weight [g] 80.6±8.3 81.5±7.2 0.78

 Volume [cc] 36.1±5.9 35.1±5.0 0.65

Values are shown as mean ± SD or N.

Significant P-Value defined as P<0.05 are shown by the asterisk (*).
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