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Abstract

Cardiac resynchronisation therapy is recommended in international guidelines for
patients with heart failure due to important left ventricular systolic dysfunction (or
HEFREF) and ventricular conduction tissue disease. Cardiac magnetic resonance
(CMR) represents the most powerful imaging tool for dynamic assessment of the
volumes and function of cardiac chambers but is rarely utilised in patients with CRT
due to limitations on the device, programming and scanning. In this review we
explore the known utility of CMR in this cohort with discussion of the risks and
potential benefits of scanning whilst CRT is active, including a practical strategy for
conducting high quality scans safely. Our contention is that imaging in patients with
CRT could be improved further by keeping resynchronisation therapy active with

resultant benefits on research and also patient outcomes.

Key words: Heart failure, cardiac resynchronisation therapy, cardiac magnetic

resonance,
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Introduction

In addition to survival benefits, cardiac resynchronisation therapy (CRT) can improve
symptoms and functional capacity in patients with left ventricular systolic dysfunction
and conduction delay [1-3]. Consequently CRT has a class 1a level of
recommendation in both European and American guidelines for symptomatic
patients with prolonged QRS duration on ECG and severe left ventricular systolic

impairment [4, 5].

Cardiovascular magnetic resonance (CMR) is accepted as the gold standard
imaging modality for assessing cardiac volumes, mass and ejection fraction [4]. CMR
also has an important role in the assessment of myocardial fibrosis, ischaemia and
viability. The pattern of scarring can be helpful in differentiating the aetiology of heart
failure including ischaemic or dilated cardiomyopathy. CMR can also contribute to
the diagnoses of rarer conditions such as myocarditis, sarcoidosis and
haemochromotosis. In most of these diseases, the extent of scarring also provides
powerful prognostic information [6]. There are no data to describe the rate of use of
CMR in CRT patients either for follow-up or for the diagnosis of other cardiovascular

and non-cardiovascular problems, but we expect this is very low.

The advent of magnetic resonance (MR) conditional pacemakers and devices could
offer the exciting opportunity to assess specifically the effect of biventricular pacing
on cardiac volumes and function using the most reproducible imaging technique.
Indeed the recent joint statement from the British Cardiovascular Society and the

Clinical Imaging Board indicates the safety of using CMR in device patients [7].
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However, the majority of devices disable left ventricular pacing when put into the
CMR-scan mode. Thus, the images obtained are limited by dyssynchrony associated
with the intrinsic underlying conduction delay or right ventricular pacing. Whilst some
aspects of left ventricular remodelling can be assessed, the entire dataset must be
interpreted with the proviso that the patient is being imaged while in a non-routine
rhythm that may negatively impact contractile function and valvular regurgitation [8].
Ideally, any assessment of cardiac function should take place with CRT enabled. In
this review we consider the role of CMR prior to implantation and how it could be

utilised following CRT implantation.

CMR prior to CRT Implantation

Indication

Late gadolinium enhancement (LGE) imaging, unique to CMR is able to identify scar,
adding further diagnostic and prognostic information [9] and since the severity of
scarring predicts the remodelling response[10], may also have a role in identifying
those most likely to respond. Specifically, a large volume of scar (>33%) and
transmurality (>51%) are predictors of a poor response to CRT [11]. A larger scar
mass and percentage is also associated with a greater incidence of appropriate
implantable cardioverter defibrillator (ICD) therapy [12] which might be relevant in
future pre-implant discussions regarding the need for CRT with a defibrillator (CRT-
D) or without (CRT-P). Furthermore, mid-wall fibrosis in non-ischaemic
cardiomyopathy patients receiving CRT, predicts a poorer prognosis, closer to that of

those with an ischaemic aetiology [13].

Response and left ventricular lead placement
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Whilst CMR can be used for visualisation of the coronary vein for LV lead
implantation it is arguably more valuable in identifying areas that should be avoided
[14, 15]. Combining scar data with non-contact endocardial mapping to identify areas
of slow conduction allows for an optimisation of haemodynamic response,[16] whilst
combining scar data with regional contractility data can also predict long-term
remodelling response more effectively than standard echocardiography [17]. A large
study (n=559) conducted by Levya et al [18] combining coronary angiography with
CMR imaging (figure 1) described that avoiding scar improved response to CRT,

resulting in fewer hospitalisations and death.

Hence, it seems that CMR is a valuable tool to optimise CRT lead position.
Importantly, these studies were predominantly carried out before the advent of MR

conditional CRT devices such that none used CMR to assess outcomes.

Imaging following CRT implant

Current methods of imaging with CRT active for optimisation and response

CRT leads to a more coordinated contraction of both ventricles, and implantation is
associated with acute haemodynamic improvements [19] as manifested by reduced
mean pulmonary capillary wedge pressure, systolic pulmonary artery pressure and
left ventricular end-diastolic pressure one month after implantation [2], and

improvements in left ventricular structure and function [23].

There are limited data confirming the clinical benefits of post-implant CRT
optimisation of atrio-ventricular and ventricular-ventricular timing. Contractility via

invasive dP/dtnax is accurate and reproducible but inconvenient and invasive, making
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it often only practical at the time of implantation [20, 21]. Therefore, non-invasive
echocardiographic optimisation has become routine. However, the variability in
chamber volume estimation is too great to be clinically useful and timing optimisation
therefore focuses on the timings of valvular flows, contraction measured by tissue
Doppler imaging, or strain imaging each of which are of limited clinical value, are

time consuming and relate poorly to haemodynamic variables [22-24].

Ventricular reverse modelling is a key marker of response to CRT. There is a reliable
and close association between improved ventricular structure and function, usually
assessed by echocardiography following drug or device intervention and the benefits

of that treatment on mortality [25, 26].

Current and potential roles of CMR following CRT implantation

It is possible to scan patients with CRT devices whilst the MR safe mode is
activated, however the compliant mode is typically RV pacing rather than
biventricular pacing. There are two issues with this: firstly, scans will not be
representative of normal CRT function in the patient. Moreover, RV pacing is
associated with worse haemodynamics, worse mitral regurgitation, autonomic
dysfunction, regional blood flow abnormalities and the dyssynchrony can lead to

difficulties with volume and dimension analysis [1, 27].

Hence, in order to achieve a comprehensive and reliable assessment of heart
function in the patient’s usual state, the long-term goal must be to image with
biventricular pacing activated. This has a series of potential benefits that are not

currently possible:

Koshy et al. Time to scan with CRT on? Europace 6



1) Optimisation — Left ventricular volumes and cardiac output (using cine and/or
phase contrast imaging) could be quantified for various CRT settings to
identify optimal settings for individual patients.

2) Assessment of non-response — Bertini et al [28] have shown that CMR is a
valuable tool for identifying appropriate lead placement. Approximately one
third of patients do not respond to CRT in terms of symptoms or reverse
remodelling [29]. With biventricular pacing active it would be possible to
assess true ventricular wall movement of people who have responded poorly
or not at all to CRT.

3) Monitoring — Ventricular function is likely to change following CRT
implantation. This will largely be through a combination of remodelling and
reverse remodelling. By directly visualising cardiac volume and movement it
would be easier to identify any significant change in functionality and enables
the possibility of further optimisation.

4) An extremely valuable tool for research — Due to its high versatility and low
inter-study variability, CMR is a powerful platform. A single scan gives
significant data and can be virtually re-run to obtain desired outputs giving
increased value [30]. A number of key areas could be investigated further:

a. As the gold standard in assessing the RV, it would be useful to monitor
changes in function with CRT active. RV remodelling may differ to the
LV and also correlate with other parameters such as quality of life.

b. Upgrading from RV to CRT pacing suggests improved perfusion and
function using single photon emission computed tomography [31].
CMR could more accurately assess the improvements without

exposure to radiation. With the use of late gadolinium areas of
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ischaemia could be easily identified and potentially acted on via
percutaneous intervention.

c. Analysing blood flow — Aortic and pulmonary flow can be accurately
visualised using phase contrast or 4d flow techniques to quantify
haemodynamic response to CRT [32].

d. Quantifying and predicting beneficial and adverse left ventricular
remodelling — CMR is superior to most other techniques in measuring
LV volumes [33], thus it could be utilised to predict and accurately track

this disease process [34].

Therefore, as the most reliable and reproducible method of determining changes in
LV structure and function, CMR has a high potential to become an integral part of the
follow-up program for patients with CRT assessing both response and the effects of
optimisation. The limiting factors are accessibility, patient acceptability and being
more cumbersome than other technologies such as echocardiography. In general, a
CMR scan takes longer to complete than an echocardiogram at around 45 minutes.
This depends largely on the scanning sequence used, the base heart rate of the
patient (a faster heart rate giving slightly faster scans), the specific question being
asked and patient compliance. Thus, in the future CMR might initially develop into a

test undertaken in patients with a suboptimal response to CRT.

Important procedural aspects of CMR after CRT implantation
Safety: Potential risks of CMR to a pacemaker patient
Prior to the advent of MR conditional devices there were concerns that pacemaker

devices being exposed to high strength magnetic fields and radiofrequency pulses
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could lead to transient or permanent damage to the battery, circuitry, leads or the
heart itself [35, 36]. It became apparent that the multiple electromagnetic fields can
create vibration and heating within the generator and leads through the induction of
current. This in turn can give inappropriate sensing of the leads causing a failure to
pace or a device malfunction including a reset. Reluctance from physicians to

commit patients to a MR scan formed, potentially impacting on patient care [37].

The concerns led to industry redeveloping devices and programming options to
improve MR tolerance. Devices have minimised their ferromagnetic content and
gained solid state technology. Furthermore, filters are used reducing transmission of
certain frequencies within the device and leads thus limiting detrimental energy
transfer with software complementing “MR safe mode” [38]. The proprietary MR safe
mode can only be initiated after a rigorous device integrity check. Once initiated it
locks out settings that would otherwise cause interference and susceptibility with
magnetic field exposure. Despite the ability to scan patients with a number of

therapies are active, there are no known studies investigating this area using CMR.

There are also issues with the rate of energy transfer to healthy tissue via MR. The
specific absorption rate is often unremarkable in the majority of cardiac scans;
however it can accumulate with certain pulse sequences such as 4D flow and
stronger magnetic field strengths such as 3.0T or above. Importantly, safety limits
are built into scanning software with warnings and automatic cut-off when beyond
reasonable thresholds. Fortunately issues around high specific absorption rate
exposure are transient with few recorded significant events and no known associated

long term effects [39].
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Following a series of studies finding minimal interaction with MR and cardiac
devices, the European Society of Cardiology deemed in 2008 that patients with
implanted devices could undergo a magnetic resonance imaging scan if appropriate
safety considerations were made [40]. Large scale studies have shown that neither
non-cardiac nor cardiac scans are associated with death, device or lead failure in
this context (table 1). Furthermore, complications are temporary and only in the
rarest of incidents have resulted in subsequent intervention required; such cases are

often related to violations of modern scanning safety protocol.

Pre-scan device checks

Most modern implanted CRT devices are labelled as MR conditional resulting in a
relatively standard protocol across hospitals. Prior to each MR scan, cardiac or
otherwise, a routine device check is conducted. This is primarily to establish a
baseline set of parameters including lead sensing, voltage threshold and lead
impendence. Each major manufacturer has a MR safe mode that vary slightly (table
2), derived from pre-clinical and clinical testing, though typically involve either AOO
or DOO pacing with high outputs. Most manufacturers (except Biotronik and Boston
Scientific) disable CRT; furthermore if bradycardia pacing is required it is achieved
with high output RV VOO pacing. It is advised that a device check is conducted

before changing device settings to an MR compatible mode.

Monitoring
When altering pacemaker settings it is crucial to confirm the resultant rhythm is not

detrimental to the patient; a cardiac monitor should be in place throughout the scan
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with regular patient contact. Notably, some changes such as varying voltage can be
uncomfortable to the patient by causing phenomenon such as muscle twitching and
diaphragmatic stimulation via high output RV pacing. Once the scan is complete, the
device is reverted to pre-scan settings and followed up with a repeated device check
focusing on the leads and battery. This ensures that neither the patient or device

have been negatively affected during the scan nor are at future risk.

Image quality optimisation
In the presence of an implanted cardiac device, cardiac scanning is particularly
associated with artefacts that can make the images more difficult to interpret [41]

(figure 2).

Most relevant for implanted devices are susceptibility artefacts. These are created by
the difference in magnetic properties of distinct tissue and materials. This interaction
causes protons to become dephased giving bizarre patterns on the image [42].
Metallic objects or those interfacing with air often cause distortions manifesting as
areas of increased or absent signal. Pacemakers cause susceptibility artefacts
primarily from the generator rather than the leads (due to increased metal content),

an issue exacerbated at higher magnetic field strengths.

In order to counter these, particular scanning protocols are employed. Currently, the
most common technique for cine imaging in patients without a cardiac device is
steady-state free precession (SSFP.) Prior to the development of SSFP, gradient
echo (GRE) was widely used. It was superseded due to reduced tissue contrast and

requiring longer breath-hold. In device patients, GRE has been shown to produce
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fewer artefacts and non-diagnostic images than balanced SSFP with image quality
significantly better for both the left and right ventricle [43]. Thus, in patients with
cardiac devices and suboptimal balanced SSFP imaging, GRE is a useful option.
Scanning techniques are developing at a rapid rate; notably the recent study by
Hilbert et al [44] has confirmed the utility of alternative protocols to help produce

diagnostic grade images.

LGE imaging can be used with both SSFP and GRE for tissue characterisation to
delineate areas of scar. Conventional LGE imaging is vulnerable to hyperintensity
artefacts particularly from the generator which appears bright on the image. This
artefact can either be inappropriately misdiagnosed as scar or impair imaging to the
extent that it is non-diagnostic. This problem can be overcome by the use of
wideband LGE in which the myocardial nulling caused by the device artefact can be
overcome by using a wider band inversion pulse [45]. Since patterns of interference
are not consistent it is likely that tailored scan settings for manufacturers and device
types will be developed to reduce artefacts [46]. Importantly, whilst LGE does not
require any further equipment or processing time, it is associated with increased
specific absorption rate by approximately 20% when compared with routine scans

[47).

The need for GRE increases the duration of the scan and may prolong breath
holding which is a particular problem for patients with CHF. Future technical
advances to reduce acquisition time and breath-holding will be particularly beneficial
in this patient group. Renal impairment is also a concern and often co-existent with

heart failure, potentially prohibiting the use of gadolinium based contrast agents.
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Potential process of CMR scanning with CRT on

There are challenges in scanning a patient with CRT active which can largely be
overcome with recent advances in both device and CMR technology. We propose a
protocol for patients with implanted CRT devices to streamline scanning (figure 3)
which limits artefacts, maintains de facto CMR image standards and ensures patient

safety and comfort.

Patient safety is paramount and maintained by deviating minimally from current CMR
procedure and a high level of due diligence with regards to device review. Artefact
limitation can be achieved with relatively simple measures. Appropriate positioning of
the patient in the scanner and careful skin preparation to avoid incorrect ECG
triggering help obtain high quality images. A GRE scan can be used to obtain images
quickly and mitigate artefacts from devices in situ. Experienced radiographers and
cardiac physiologists must be involved to reduce artefacts and maximise safety.
Ideally, a CMR imaging expert should also be present to facilitate live adjustment of
the imaging process to ensure that the images obtained are of the highest quality
and subsequently enable a robust analysis. If CRT optimisation is required, the scan
can be repeated altering variables such as A-V and V-V delay. With improvements in
wireless communication particularly Bluetooth technology, it is feasible that CRT
programming could be changed whilst the patient remains in the scanner. This
approach would allow left ventricular volumes and cardiac output (using cine and/or
phase contrast imaging) to be easily quantified for each CRT setting, identifying

optimal settings for each patient.
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It is important that in a time of rapidly improving technologies, persistent efforts are
made to maximise on the potential outcomes for patients. We look forward to pilot
and randomised studies investigating the utility of CMR in this cohort. Scanning
patients with CRT active is likely not only viable but an important step in optimising
therapy and the responder rate. Indeed the sheer utility of CMR may represent a

model shift in care for patients post implantation.

Conclusions

CMR offers significant utility in patients with heart failure; furthermore, advances in
CMR and CRT technology mean that scanning with CRT active is feasible. To
achieve this routinely in both a clinical and research setting, a multidisciplinary
working approach is required with cardiac physiologists, MR radiographers, imaging
experts and clinicians. This could lead to significant benefits including device
optimisation, improved patient selection, prognostication and understanding

mechanisms of non-response.
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Figures

Figure 1 — Adapted from Levya et al [18] with permissions kindly received from
BioMed Central. Mapping LV lead positions. The longitudinal distance from the
atrioventricular plane to the lead tip, in a base-to-apex direction, is quantified using
the 30° right anterior oblique fluoroscopic view (A). This longitudinal distance is
transposed to the four-chamber CMR view (B), so as to determine the LGE-CMR
short axis slice (yellow line, C) that corresponds to the LV lead tip position. The 30°
left anterior oblique fluoroscopic view (D) is then used to determine the
circumferential position (yellow arrow). The longitudinal and circumferential
coordinates permit localization of the LV lead tip in relation to myocardial segments
and myocardial scars, which appear as white enhancement on LGE-CMR (white
arrow).

Figure 2 — Imaging strategies to decrease the artefact in patients. Steady state free
precession imaging is commonly used but is associated with artefacts in patients
with CRT-D (A). The artefact can be reduced by using a gradient echo sequence,
albeit at the cost of a longer breath-hold and less contrast between myocardium and
blood pool (B). Conventional late gadolinium enhancement imaging is impaired by
severe artefact making identification of the apical myocardial infarction difficult (C).
The imaging is improved by use of a wideband late gadolinium enhancement
sequence, where the apical myocardial infarction can be clearly seen, marked as a
red asterix (D).

Figure 3— Flow chart of the potential approach to scanning patients with CRT
devices and biventricular pacing active including CMR. (A) Still images of the
planning survey with artefact (white asterisk) from the device generator, (B) cine
scan with LV and RV lead artefacts (blue and red asterisks respectively), (C)
ischaemia testing with perfusion defect indicating septal wall infarct (red arrow) and
(D) scar assessment also identifying lateral wall infarct (blue arrow).
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Tables

Table 1 — Large trials (n>100) of MRI scanning in patients with implanted cardiac
devices

Author Year of Number of  Device MRI MRI MRI Significant
publication patients type conditional Field scanning  complications
scanned strength  protocol
(Tesla)
Hilbert et 2018 128 CRT, Mixture 1.5 Cardiac None (No
al [44] ICD & changes to
PM device

performance or
adverse events
were observed)

Lupo et 2018 120 ICD & No 1.5 Routine No adverse
al [48] PM including events were
cardiac observed. One
temporary
communication
failure was
observed
(0.08%).
Nazarian 2017 1509 ICD & No 1.5 Routine In9
et al [49] PM including examinations

cardiac  (0.4%) the device
reverted to a

transient back-up
programming
mode without

long-term effects.

Ching et 2017 140 PM Yes 1.5 Cardiac None
al [50]
Mason et 2017 178 ICD & Mixture 1.5 Routine None
al [51] PM (82% non- including
conditional) cardiac
Russo et 2017 1246 ICD & No 1.5 Routine One patient
al [52] PM excluding required
thoracic generator
replacement
following

scanning whilst
in unsafe device
settings. In 6
examinations
(0.04%) the
device reverted
to a transient
back-up
programming
mode without
long-term effects.

Schwitter 2016 156 ICD Yes 1.5 Cardiac None
et al [53]
Higgins 2016 398 ICD & No 1.5 Routine None
et al [54] PM including
cardiac
Bailey et 2016 221 PM Yes 1.5 Cardiac & One adverse
al [55] Thoracic event (0.4%)
spine possibly related

to the implanted
system and scan.

Awad et 2015 153 ICD Yes 1.5 Cardiac & None
al [56] Thoracic
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spine

Shenthar 2015 177 PM Yes 1.5 Routine None
et al [57] including
cardiac
Friedma 2013 171 PM Mixture 1.5 Routine None
netal including
[58] cardiac
Schwitter 2013 150 PM Yes 1.5 Cardiac None
et al [59]
Gimbel 2013 177 PM Yes 1.5 Chest None
et al [60] and head
Nazarian 2011 438 ICD & No 1.5 Routine In 3 patients
etal [61] PM including (0.007%) the
cardiac device reverted
to a transient
back-up
programming
mode without
long-term effects
Wilkoff et 2011 258 PM Yes 1.5 Head and None
al [62] lumbar
spine
Strach et 2010 114 PM No 0.2 Routine None
al [63] excluding
cardiac
Mollerus 2010 103 ICD & No 1.5 Routine One pacemaker
et al [64] PM including reverted to
cardiac transient back-up

programming
requiring
reprogramming

CRT - Cardiac resynchronisation therapy, ICD - Implantable cardioverter
defibrillator, MRI — Magnetic resonance imaging, PM — Pacemaker (conventional and
dual chamber pacemakers).
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Table 2— Comparing default MR compatible settings between major CRT

manufacturers.
Parameter Abott (Previously Biotronik Boston Medtronic
St. Jude Medical) settings Scientific settings
settings settings
Lead paced RV BiV or RV BiV or RV RV
Tachycardia Yes Yes Yes Yes
therapy
disabled?
CRT disabled? Yes Yes No Yes
HR range 30-120 70-160 30-110 30-120
Increase output?  Yes, increased to 5V Yes Yes Yes
with 1ms as support
lead (de facto)
Fixed pacing Yes (Reverts to VOO, Yes Yes Yes
mode (non- AQOQO, DOO)
sensing)

BiV — Biventricular, RV — Right ventricle,
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Supplementary material

<1
L
Comparing SSFP and GRE 4 chamber MRI views.mp4

Video 1 — Cine CMR in a 49 year old female with CRT active at 90bpm (DOO) over 1
second, showing improved image acquisition can be improved from steady state
free-precession (SSFP) on the left with a gradient echo (GRE) sequence on the

right. This produces significantly less artefact.

Koshy et al. Time to scan with CRT on? Europace 20



References

1. Leclercq C, Cazeau S, Le Breton H, Ritter P, Mabo P, Gras D, et al. Acute hemodynamic
effects of biventricular DDD pacing in patients with end-stage heart failure. Journal of the American
College of Cardiology. 1998;32(7):1825-31.

2. Inage T, Yoshida T, Hiraki T, Ohe M, Takeuchi T, Nagamoto Y, et al. Chronic cardiac
resynchronization therapy reverses cardiac remodelling and improves invasive haemodynamics of
patients with severe heart failure on optimal medical treatment. Europace : European pacing,
arrhythmias, and cardiac electrophysiology : journal of the working groups on cardiac pacing,
arrhythmias, and cardiac cellular electrophysiology of the European Society of Cardiology.
2008;10(3):379-83.

3. Cleland JGF, Daubert J-C, Erdmann E, Freemantle N, Gras D, Kappenberger L, et al. The Effect
of Cardiac Resynchronization on Morbidity and Mortality in Heart Failure. New England Journal of
Medicine. 2005;352(15):1539-49.

4, Ponikowski P, Voors AA, Anker SD, Bueno H, Cleland JG, Coats AJ, et al. 2016 ESC Guidelines
for the diagnosis and treatment of acute and chronic heart failure: The Task Force for the diagnosis
and treatment of acute and chronic heart failure of the European Society of Cardiology (ESC).
Developed with the special contribution of the Heart Failure Association (HFA) of the ESC. European
journal of heart failure. 2016;18(8):891-975.

5. Yancy CW, Jessup M, Bozkurt B, Butler J, Casey DE, Jr., Drazner MH, et al. 2013 ACCF/AHA
guideline for the management of heart failure: executive summary: a report of the American College
of Cardiology Foundation/American Heart Association Task Force on practice guidelines. Circulation.
2013;128(16):1810-52.

6. Swoboda PP, Plein S. Established and emerging cardiovascular magnetic resonance
techniques for prognostication and guiding therapy in heart failure. Expert review of cardiovascular
therapy. 2014;12(1):45-55.

7. Board BCSatCl. MRI for patients with pacemakers and implantable cardioverter-defibrillators
— MRI-conditional and legacy devices. BCS. 2018.
8. Wilkoff BL, Cook JR, Epstein AE, Greene HL, Hallstrom AP, Hsia H, et al. Dual-chamber pacing

or ventricular backup pacing in patients with an implantable defibrillator: the Dual Chamber and VVI
Implantable Defibrillator (DAVID) Trial. Jama. 2002;288(24):3115-23.

9. Taylor RJ, Umar F, Panting JR, Stegemann B, Leyva F. Left ventricular lead position,
mechanical activation, and myocardial scar in relation to left ventricular reverse remodeling and
clinical outcomes after cardiac resynchronization therapy: A feature-tracking and contrast-enhanced
cardiovascular magnetic resonance study. Heart rhythm. 2016;13(2):481-9.

10. Kim RJ, Wu E, Rafael A, Chen EL, Parker MA, Simonetti O, et al. The use of contrast-enhanced
magnetic resonance imaging to identify reversible myocardial dysfunction. The New England journal
of medicine. 2000;343(20):1445-53.

11. Chalil S, Foley PW, Muyhaldeen SA, Patel KC, Yousef ZR, Smith RE, et al. Late gadolinium
enhancement-cardiovascular magnetic resonance as a predictor of response to cardiac
resynchronization therapy in patients with ischaemic cardiomyopathy. Europace : European pacing,
arrhythmias, and cardiac electrophysiology : journal of the working groups on cardiac pacing,
arrhythmias, and cardiac cellular electrophysiology of the European Society of Cardiology.
2007;9(11):1031-7.

12. Alexandre J, Saloux E, Dugué AE, Lebon A, Lemaitre A, Roule V, et al. Scar extent evaluated
by late gadolinium enhancement CMR: a powerful predictor of long term appropriate ICD therapy in
patients with coronary artery disease. Journal of Cardiovascular Magnetic Resonance. 2013;15(1):12-

Koshy et al. Time to scan with CRT on? Europace 21



13. Leyva F, Taylor RJ, Foley PW, Umar F, Mulligan LJ, Patel K, et al. Left ventricular midwall
fibrosis as a predictor of mortality and morbidity after cardiac resynchronization therapy in patients
with nonischemic cardiomyopathy. Journal of the American College of Cardiology. 2012;60(17):1659-
67.

14. Lam A, Mora-Vieira LF, Hoskins M, Lloyd M, Oshinski JN. Performance of 3D, Navigator-Echo
Gated, Contrast-Enhanced, Magnetic Resonance Coronary Vein Imaging in Patients Undergoing CRT.
Journal of interventional cardiac electrophysiology: An international journal of arrhythmias and
pacing. 2014;41(2):155-60.

15. Younger JF, Plein S, Crean A, Ball SG, Greenwood JP. Visualization of coronary venous
anatomy by cardiovascular magnetic resonance. Journal of Cardiovascular Magnetic Resonance.
2009;11(1):26.

16. Ginks MR, Lambiase PD, Duckett SG, Bostock J, Chinchapatnam P, Rhode K, et al. A
simultaneous X-Ray/MRI and noncontact mapping study of the acute hemodynamic effect of left
ventricular endocardial and epicardial cardiac resynchronization therapy in humans. Circulation
Heart failure. 2011;4(2):170-9.

17. Hartlage GR, Suever JD, Clement-Guinaudeau S, Strickland PT, Ghasemzadeh N, Magrath RP,
3rd, et al. Prediction of response to cardiac resynchronization therapy using left ventricular pacing
lead position and cardiovascular magnetic resonance derived wall motion patterns: a prospective
cohort study. Journal of cardiovascular magnetic resonance : official journal of the Society for
Cardiovascular Magnetic Resonance. 2015;17:57.

18. Leyva F, Foley PW, Chalil S, Ratib K, Smith RE, Prinzen F, et al. Cardiac resynchronization
therapy guided by late gadolinium-enhancement cardiovascular magnetic resonance. Journal of
cardiovascular magnetic resonance : official journal of the Society for Cardiovascular Magnetic
Resonance. 2011;13:29.

19. Nelson GS, Berger RD, Fetics BJ, Talbot M, Spinelli JC, Hare JM, et al. Left ventricular or
biventricular pacing improves cardiac function at diminished energy cost in patients with dilated
cardiomyopathy and left bundle-branch block. Circulation. 2000;102(25):3053-9.

20. Tournoux FB, Alabiad C, Fan D, Chen AA, Chaput M, Heist EK, et al. Echocardiographic
measures of acute haemodynamic response after cardiac resynchronization therapy predict long-
term clinical outcome. European heart journal. 2007;28(9):1143-8.

21. Pak PH, Kass DA. Assessment of ventricular function in dilated cardiomyopathies. Current
opinion in cardiology. 1995;10(3):339-44.

22. Vidal B, Sitges M, Marigliano A, Delgado V, Diaz-Infante E, Azqueta M, et al. Optimizing the
programation of cardiac resynchronization therapy devices in patients with heart failure and left
bundle branch block. The American journal of cardiology. 2007;100(6):1002-6.

23. Novak M, Lipoldova J, Meluzin J, Krejci J, Hude P, Feitova V, et al. Contribution to the V-V
interval optimization in patients with cardiac resynchronization therapy. Physiological research.
2008;57(5):693-700.

24. Stanton T, Hawkins NM, Hogg KJ, Goodfield NER, Petrie MC, McMurray JJV. How should we
optimize cardiac resynchronization therapy? European Heart Journal. 2008;29(20):2458-72.

25. Kramer DG, Trikalinos TA, Kent DM, Antonopoulos GV, Konstam MA, Udelson JE.
Quantitative evaluation of drug or device effects on ventricular remodeling as predictors of
therapeutic effects on mortality in patients with heart failure and reduced ejection fraction: a meta-
analytic approach. Journal of the American College of Cardiology. 2010;56(5):392-406.

26. Cohn JN, Ferrari R, Sharpe N. Cardiac remodeling--concepts and clinical implications: a
consensus paper from an international forum on cardiac remodeling. Behalf of an International
Forum on Cardiac Remodeling. Journal of the American College of Cardiology. 2000;35(3):569-82.
27. Tops LF, Schalij MJ, Bax JJ. The Effects of Right Ventricular Apical Pacing on Ventricular
Function and Dyssynchrony. Implications for Therapy. 2009;54(9):764-76.

Koshy et al. Time to scan with CRT on? Europace 22



28. Bertini M, Mele D, Malagu M, Fiorencis A, Toselli T, Casadei F, et al. Cardiac
resynchronization therapy guided by multimodality cardiac imaging. European journal of heart
failure. 2016;18(11):1375-82.

29. Prinzen FW, Vernooy K, Auricchio A. Cardiac resynchronization therapy: state-of-the-art of
current applications, guidelines, ongoing trials, and areas of controversy. Circulation.
2013;128(22):2407-18.

30. Ma D, Gulani V, Seiberlich N, Liu K, Sunshine JL, Duerk JL, et al. Magnetic resonance
fingerprinting. Nature. 2013;495:187.

31. Honda Y, Higashi Y, Ebato M, Wakatsuki D, Shimojima H, Suzuki H, et al. Left ventricular
function and myocardial perfusion before and after cardiac resynchronization therapy in chronic
right ventricular apical pacing by echocardiogram-gated myocardial perfusion single photon
emission computed tomography. Journal of Arrhythmia. 2012;28(2):100-4.

32. Nayak KS, Nielsen J-F, Bernstein MA, Markl M, D. Gatehouse P, M. Botnar R, et al.
Cardiovascular magnetic resonance phase contrast imaging. Journal of Cardiovascular Magnetic
Resonance. 2015;17(1):71.

33. Mistry N, Halvorsen S, Hoffmann P, Miiller C, Beshmer E, Kjeldsen SE, et al. Assessment of left
ventricular function with magnetic resonance imaging vs. echocardiography, contrast
echocardiography, and single-photon emission computed tomography in patients with recent ST-
elevation myocardial infarction. European Journal of Echocardiography. 2010;11(9):793-800.

34. Kubanek M, Sramko M, Maluskova J, Kautznerova D, Weichet J, Lupinek P, et al. Novel
Predictors of Left Ventricular Reverse Remodeling in Individuals With Recent-Onset Dilated
Cardiomyopathy. Journal of the American College of Cardiology. 2013;61(1):54-63.

35. Langman DA, Goldberg IB, Finn JP, Ennis DB. Pacemaker lead tip heating in abandoned and
pacemaker-attached leads at 1.5 Tesla MRI. Journal of magnetic resonance imaging : JMRI.
2011;33(2):426-31.

36. Erlebacher JA, Cahill PT, Pannizzo F, Knowles RJ. Effect of magnetic resonance imaging on
DDD pacemakers. The American journal of cardiology. 1986;57(6):437-40.

37. Levine GN, Gomes AS, Arai AE, Bluemke DA, Flamm SD, Kanal E, et al. Safety of magnetic
resonance imaging in patients with cardiovascular devices: an American Heart Association scientific
statement from the Committee on Diagnostic and Interventional Cardiac Catheterization, Council on
Clinical Cardiology, and the Council on Cardiovascular Radiology and Intervention: endorsed by the
American College of Cardiology Foundation, the North American Society for Cardiac Imaging, and the
Society for Cardiovascular Magnetic Resonance. Circulation. 2007;116(24):2878-91.

38. Lowe MD, Plummer CJ, Manisty CH, Linker NJ. Safe use of MRl in people with cardiac
implantable electronic devices. Heart. 2015;101(24):1950-3.

39. Westbrook C, Roth C, Talbot J. MRI in practice. 4th ed: Wiley-Blackwell; 2011.

40. Roguin A, Schwitter J, Vahlhaus C, Lombardi M, Brugada J, Vardas P, et al. Magnetic
resonance imaging in individuals with cardiovascular implantable electronic devices. Europace :
European pacing, arrhythmias, and cardiac electrophysiology : journal of the working groups on
cardiac pacing, arrhythmias, and cardiac cellular electrophysiology of the European Society of
Cardiology. 2008;10(3):336-46.

41. Alfudhili K, Masci PG, Delacoste J, Ledoux J-B, Berchier G, Dunet V, et al. Current artefacts in
cardiac and chest magnetic resonance imaging: tips and tricks. The British Journal of Radiology.
2016;89(1062):20150987.

42. Sasaki T, Hansford R, Zviman MM, Kolandaivelu A, Bluemke DA, Berger RD, et al.
Quantitative assessment of artifacts on cardiac magnetic resonance imaging of patients with
pacemakers and implantable cardioverter-defibrillators. Circulation Cardiovascular imaging.
2011;4(6):662-70.

43, Raphael CE, Vassiliou V, Alpendurada F, Prasad SK, Pennell DJ, Mohiaddin RH. Clinical value
of cardiovascular magnetic resonance in patients with MR-conditional pacemakers. European heart
journal cardiovascular Imaging. 2016;17(10):1178-85.

Koshy et al. Time to scan with CRT on? Europace 23



44, Hilbert S, Jahnke C, Loebe S, Oebel S, Weber A, Spampinato R, et al. Cardiovascular magnetic
resonance imaging in patients with cardiac implantable electronic devices: a device-dependent
imaging strategy for improved image quality. European heart journal cardiovascular Imaging.
2018;19(9):1051-61.

45, Rashid S, Rapacchi S, Vaseghi M, Tung R, Shivkumar K, Finn JP, et al. Improved late
gadolinium enhancement MR imaging for patients with implanted cardiac devices. Radiology.
2014;270(1):269-74.

46. Hilbert S, Weber A, Nehrke K, Bornert P, Schnackenburg B, Oebel S, et al. Artefact-free late
gadolinium enhancement imaging in patients with implanted cardiac devices using a modified
broadband sequence: current strategies and results from a real-world patient cohort. Europace :
European pacing, arrhythmias, and cardiac electrophysiology : journal of the working groups on
cardiac pacing, arrhythmias, and cardiac cellular electrophysiology of the European Society of
Cardiology. 2018;20(5):801-7.

47. Stevens SM, Tung R, Rashid S, Gima J, Cote S, Pavez G, et al. Device artifact reduction for
magnetic resonance imaging of patients with implantable cardioverter-defibrillators and ventricular
tachycardia: late gadolinium enhancement correlation with electroanatomic mapping. Heart rhythm.
2014;11(2):289-98.

48. Lupo P, Cappato R, Di Leo G, Secchi F, Papini GDE, Foresti S, et al. An eight-year prospective
controlled study about the safety and diagnostic value of cardiac and non-cardiac 1.5-T MRl in
patients with a conventional pacemaker or a conventional implantable cardioverter defibrillator.
European radiology. 2018;28(6):2406-16.

49, Nazarian S, Hansford R, Rahsepar AA, Weltin V, McVeigh D, Gucuk Ipek E, et al. Safety of
Magnetic Resonance Imaging in Patients with Cardiac Devices. New England Journal of Medicine.
2017;377(26):2555-64.

50. Ching CK, Chakraborty RN, Kler TS, Pumprueg S, Ngarmukos T, Chan JYS, et al. Clinical safety
and performance of a MRI conditional pacing system in patients undergoing cardiac MRI. Pacing and
clinical electrophysiology : PACE. 2017;40(12):1389-95.

51. Mason S, Osborn JS, Dhar R, Tonkin A, Ethington ID, Le V, et al. Real world MRI experience
with nonconditional and conditional cardiac rhythm devices after MagnaSafe. Journal of
cardiovascular electrophysiology. 2017;28(12):1468-74.

52. Russo RJ, Costa HS, Silva PD, Anderson JL, Arshad A, Biederman RWW, et al. Assessing the
Risks Associated with MRl in Patients with a Pacemaker or Defibrillator. New England Journal of
Medicine. 2017;376(8):755-64.

53. Schwitter J, Gold MR, Al Fagih A, Lee S, Peterson M, Ciuffo A, et al. Image Quality of Cardiac
Magnetic Resonance Imaging in Patients With an Implantable Cardioverter Defibrillator System
Designed for the Magnetic Resonance Imaging Environment. Circulation Cardiovascular imaging.
2016;9(5).

54, Higgins JV, Watson RE, Jr., Jaffe AS, Dalzell C, Acker N, Felmlee JP, et al. Cardiac troponin T in
patients with cardiac implantable electronic devices undergoing magnetic resonance imaging.
Journal of interventional cardiac electrophysiology : an international journal of arrhythmias and
pacing. 2016;45(1):91-7.

55. Bailey WM, Mazur A, McCotter C, Woodard PK, Rosenthal L, Johnson W, et al. Clinical safety
of the ProMRI pacemaker system in patients subjected to thoracic spine and cardiac 1.5-T magnetic
resonance imaging scanning conditions. Heart rhythm. 2016;13(2):464-71.

56. Awad K, Griffin J, Crawford TC, Lane Cox S, Ferrick K, Mazur A, et al. Clinical safety of the
Iforia implantable cardioverter-defibrillator system in patients subjected to thoracic spine and
cardiac 1.5-T magnetic resonance imaging scanning conditions. Heart rhythm. 2015;12(10):2155-61.
57. Shenthar J, Milasinovic G, Al Fagih A, Gotte M, Engel G, Wolff S, et al. MRI scanning in
patients with new and existing CapSureFix Novus 5076 pacemaker leads: randomized trial results.
Heart rhythm. 2015;12(4):759-65.

Koshy et al. Time to scan with CRT on? Europace 24



58. Friedman HL, Acker N, Dalzell C, Shen WK, Asirvatham SJ, Cha YM, et al. Magnetic resonance
imaging in patients with recently implanted pacemakers. Pacing and clinical electrophysiology :
PACE. 2013;36(9):1090-5.

59. Schwitter J, Kanal E, Schmitt M, Anselme F, Albert T, Hayes DL, et al. Impact of the Advisa
MRI pacing system on the diagnostic quality of cardiac MR images and contraction patterns of
cardiac muscle during scans: Advisa MRI randomized clinical multicenter study results. Heart rhythm.
2013;10(6):864-72.

60. Gimbel JR, Bello D, Schmitt M, Merkely B, Schwitter J, Hayes DL, et al. Randomized trial of
pacemaker and lead system for safe scanning at 1.5 Tesla. Heart rhythm. 2013;10(5):685-91.

61. Nazarian S, Hansford R, Roguin A, Goldsher D, Zviman MM, Lardo AC, et al. A prospective
evaluation of a protocol for magnetic resonance imaging of patients with implanted cardiac devices.
Annals of internal medicine. 2011;155(7):415-24.

62. Wilkoff BL, Bello D, Taborsky M, Vymazal J, Kanal E, Heuer H, et al. Magnetic resonance
imaging in patients with a pacemaker system designed for the magnetic resonance environment.
Heart rhythm. 2011;8(1):65-73.

63. Strach K, Naehle CP, Muhlsteffen A, Hinz M, Bernstein A, Thomas D, et al. Low-field magnetic
resonance imaging: increased safety for pacemaker patients? Europace : European pacing,
arrhythmias, and cardiac electrophysiology : journal of the working groups on cardiac pacing,
arrhythmias, and cardiac cellular electrophysiology of the European Society of Cardiology.
2010;12(7):952-60.

64. Mollerus M, Albin G, Lipinski M, Lucca J. Magnetic resonance imaging of pacemakers and
implantable cardioverter-defibrillators without specific absorption rate restrictions. Europace :
European pacing, arrhythmias, and cardiac electrophysiology : journal of the working groups on
cardiac pacing, arrhythmias, and cardiac cellular electrophysiology of the European Society of
Cardiology. 2010;12(7):947-51.

Koshy et al. Time to scan with CRT on? Europace 25



