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Introduction

The use of implantable cardiac devices (ICDs), such as
implantable cardioverter defibrillators and pacemakers,

is the most effective treatment for ventricular tachycardia,
for heart failure, and for preventing sudden cardiac death
[1, 2]. Use of these devices has been increasing over the
past decades [3, 4], with approximately 1.4 million implan-
tations occurring worldwide each year [5]. Cardiovascular
magnetic resonance imaging (MRI) has become an essen-
tial diagnostic tool, due to its ability to generate high-

resolution images of soft tissues without ionizing radiation.

With the development of modern MR-compatible ICDs [6],
the prevalence of patients with ICDs undergoing cardio-
vascular MRI has increased in recent decades. About
50%-70% of these patients will require follow-up MRI
scans during their lifetime [7].

Bright-blood late gadolinium enhancement (LGE)
imaging, such as phase-sensitive inversion recovery (PSIR)
[8], is clinically routinely applied in patients for myocardial
scar assessment, as it provides an excellent scar-myocar-
dium contrast. However, the poor scar-blood contrast
can challenge the detection and assessment of subendo-
cardial, small, or focal scars. This scar-blood contrast can
be improved using black-blood LGE imaging [9], which
simultaneously darkens healthy myocardium and blood
signals while enhancing scar signal using an appropriate
inversion time (TI).

Thanks to technological advances, most implantable
devices such as ICDs are now designed to be MR compati-
ble', enabling wider clinical use of cardiac MRI in this pa-
tient population. However, the presence of ferromagnetic
materials in the generator of these devices creates strong
field inhomogeneities around the device. This results in
bright-blood LGE images and black-blood LGE images that

are heavily impacted by signal loss, hyperintensity artifacts,
and image distortion, often resulting in non-diagnostic
images [10]. In this article, we present the “wideband”

MRI technique for reducing ICD-related artifacts, and its
application to black-blood LGE imaging.

Theory

The inversion recovery pulse used in the PSIR and black-
blood sequences and discussed in this article is an adia-
batic hyperbolic secant radiofrequency (RF) pulse. An adia-
batic hyperbolic secant pulse of duration T, amplitude
modulation A(t), phase modulation ¢(t), and frequency
modulation w(t) is described by the following equations:

B, (1) = A(t) e

A(t) = A, sech(Bt)
o(t) = p In(sech(Bt))

w() =%= B tanh(BY)

with —Tp/2 <ts< Tp/2 (seconds), A, the maximum B, field
amplitude (micro tesla), B the frequency modulation
parameter (radians per second), and p the degree of phase
modulation (dimensionless). The RF spectral bandwidth

Af of an adiabatic hyperbolic secant is determined by:

uB

m

Af =

"The MRI restrictions (if any) of the metal implant must be considered prior to patient undergoing MRI exam. MR imaging of patients with metallic implants brings
specific risks. However, certain implants are approved by the governing regulatory bodies to be MR conditionally safe. For such implants, the previously mentioned
warning may not be applicable. Please contact the implant manufacturer for the specific conditional information. The conditions for MR safety are the responsibility
of the implant manufacturer, not of Siemens Healthineers.
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Finally, to fulfil the adiabatic passage, the maximum B,
field amplitude must satisfy the following condition:

uvB

A z——

0
Y

with y being the gyromagnetic ratio in Hz/Gauss. A smaller
increase in p and a larger increase in 3 can achieve a cer-
tain RF spectral bandwidth without a dramatic increase in
the B, amplitude A,.

ICD-related artifacts on LGE images

Implantable cardiac devices have ferromagnetic compo-
nents with positive magnetic susceptibility. When placed
in a magnetic field environment, the field lines are distort-
ed around the cardiac device. This generates local field
inhomogeneities, resulting in off-resonant spins (= Larmor
frequency) with a frequency shift of 2 to 6 kHz of tissues
located at 5 to 10 cm from the device generator [11].
When applying a bright-blood LGE sequence such as PSIR,
the inversion recovery pulse used in the sequence will
correctly invert spins at the Larmor frequency, but not
off-resonant spins, as the frequency shift caused by the
device may exceed the spectral bandwidth of the inversion

60-year-old male, transvenous ICD
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Cardiovascular Imaging

pulse, typically around 0.8-1.1 kHz. This incorrect inver-
sion results in a region of high signal intensity (bright
region) caused by the mismapping of a disproportionate
number of spins (MR signal) to this location during image
reconstruction (Fig. 1). This abnormally bright region is
known as a hyperintensity artifact, which often obscures
the myocardium and compromises image quality and
diagnosis. In addition, dephasing of protons on either
side of the device generator boundary results in signal
loss (dark region) (Fig. 1).

Banding artifacts can also be seen on PSIR LGE images
in the presence of an ICD, and are associated with balanced
steady-state free-precession (bSSFP) readout (Fig. 1A). The
bSSFP readout relies on steady-state magnetization, which
is achieved by rapidly repeating RF pulses with very short
repetition times (TRs). The signal in bSSFP is a function
of off-resonance frequency and varies periodically with
off-resonance with a period of 1/TR. Field inhomogeneities
(BO) cause phase accumulation between RF pulses. When
the accumulation is a multiple of m, the signal nulls and
dark bands appear [12]. A gradient recalled echo (GRE)
readout can be used instead to avoid the banding artifacts
when a cardiac implant is present (Fig. 1B). The GRE
readout is much less sensitive to off-resonance since its
signal does not periodically null with frequency offsets.

n ICD-related artifacts on PSIR LGE
images. (1A) Hyperintensity, signal
loss, and bSSFP-associated banding
artifacts. (1B) Hyperintensity and
signal-loss artifacts, no banding
artifacts with gradient echo readout.

PSIR LGE
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Wideband bright-blood LGE

In 2014, Rashid et al. [11] introduced the concept of wide-
band PSIR LGE. They showed in their study a frequency
shift of 2 to 6 kHz of tissues located at 5 to 10 cm from

the device generator, which is well outside the standard
spectral bandwidth of the 1.1 kHz inversion pulse. They
therefore proposed to broaden the RF spectral bandwidth
of the inversion pulse in the PSIR sequence from 1.1 to

3.8 kHz (u =16, B = 750 radIs) (Figs. 2A, 2B). They showed
that this RF spectral bandwidth broadening, known as
wideband, enables the correct inversion of off-resonant

1.1 kHz inversion recovery
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spins, reducing or even eliminating hyperintensity artifacts
that obscure the myocardium (Figs. 2C, 2D).

Wideband black-blood LGE

A black-blood LGE sequence can be achieved using inver-
sion recovery followed by T2 preparation [13-15]. In this
article, we present a 2D GRE black-blood sequence with
inversion recovery (pulse duration = 10.24 ms) and T2
preparation (duration = 27 ms) (Fig. 3). The T2 preparation
used is B1-insensitive and adiabatic, and consists of a 90°

Standard PSIR LGE (2A) Standard spectral
bandwidth of 1.1 kHz
m Hyper- and (2B) wideband
intensity spectral bandwidth of
artifact 3.8 kHz of the inversion

recovery pulse in the
PSIR sequence, providing
(2C) images with severe
ICD-related hyperin-
tensity artifacts and
(2D) images with a net
reduction in hyperinten-
sity artifacts.

LGE
extent

B Hyper-
intensity
artifact

LGE
extent

U Inversion recovery []TZ preparation

180°
+y

"\‘ Conventional 1.6 kHz 1.6 kHz

“. Wideband 5.0 kHz 5.0 kHz

Myocardial IR-T2prep black-blood imaging framework, inversion recovery (IR) and T2 preparation pulses employed.
Abbreviations: Tl = inversion time; ECG = electrocardiogram; GRE = gradient echo.
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tip-down RF pulse, two hyperbolic secant 180° refocusing
RF pulses, and a 90° tip-up RF pulse [16] (Fig. 3). A spoiling
gradient is then applied to suppress any residual transverse
magnetization.

Similarly to PSIR, the spectral bandwidths used in the
inversion recovery pulse (0.8 kHz), and the T2 preparation
refocusing pulses (1.6 kHz) in the standard black-blood
sequence are too narrow to properly prepare the magneti-
zation in the presence of cardiac implants, resulting in
LGE images with hyperintensities, signal loss, and image

74-year-old female, transmural infarct, transvenous ICD — Ischemic
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Black-blood LGE
Free-breathing

w
o0}
g
=3
=
(%
o
ko)
=
©
©
c
©
-
n

Wideband RF pulses

Y,’J

Cardiovascular Imaging

distortion (Figs. 4, 5). In 2024, wideband RF pulses were
integrated into this black-blood LGE imaging to allow
better LGE detection with reduced hyperintensity artifacts
that obscure the myocardium in ICD patients [17] (Figs. 4,
5). It was proposed to broaden the spectral bandwidth

of the inversion recovery from 0.8 to 3.8 kHz (u =16,

B =750radls, Aj= 19 puT), as proposed for wideband

PSIR, and to broaden the spectral bandwidth of the T2
preparation refocusing pulses from 1.6 to 5.0 kHz (p = 25,
B =785 radls, Aj=30 uT).

58-year-old male, myocarditis, transvenous ICD — Non-Ischemic

PSIR LGE Black-blood LGE
Breath-held Breath-held

T 4 ‘Ir

Black-blood LGE
Free—breathing

Standard RF pulses

Wideband RF pulses

n Cases 1 and 2. One female patient with ischemic infarct and one male patient with dilated cardiomyopathy with heart failure and reduced
ejection fraction on probable myocarditis scar imaged at CHUV Lausanne University Hospital on a 1.5T MAGNETOM Sola system. Severe
hyperintensities obscure the myocardium using standard PSIR LGE (4A, 4G) and standard black-blood LGE (4BC, 4HI). These are suppressed
using wideband PSIR LGE (4D, 4J) and wideband black-blood LGE (4EF, 4KL).

Part1 | Part2 Assistant

. prep. | Black-bl...

Tl

Tl min

Physio Inline

Wideband W

The Special card of the
wideband black-blood
sequenceona 1.5T
MAGNETOM Sola
system. Either PSIR or
black-blood imaging
can be chosen under
“Magn. prep,” not under
“Contrast.” Wideband
RF pulses can be selected
if the patient has an ICD.
A Tl scout can be
performed for PSIR
and black blood with
or without wideband
RF pulses. The number
of excitations (Nex)
is manually set and
corresponds to the
number of collected
images for each slice
position.

Sequence
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Tips and tricks for successful black-blood
LGE imaging

Since its introduction, the 2D wideband black-blood GRE
LGE sequence has been applied in a breath-hold study [17]
and in a free-breathing study [18] with nonrigid motion
correction at 1.5T (MAGNETOM Aera and MAGNETOM Sola,
Siemens Healthineers, Erlangen, Germany). The protocol
used is described in Table 1. It employs an electrocardio-
gram-triggered pulse to capture multiple single-shot
images for each slice location during mid-diastole. In the
special card of the protocol of the sequence at the MRI
machine, PSIR or black-blood imaging can be chosen

and wideband RF pulses can be activated or deactivated.

itine

Signal

Breath-hold

Routine Contrast Resolution Geometry

Cardiac | PACE

ECGITrigger

-not set-

276 &
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A dedicated Tl scout can be performed with or without
wideband RF pulses for both PSIR and black-blood LGE
imaging. The optimal Tl is then set to cancel to tissue of
interest: black healthy myocardium for PSIR, and both
black myocardium and black blood for black-blood imag-
ing. The number of excitations (Nex) per slice location

is determined manually (Fig. 5). A single short-axis slice
is acquired within a single breath-hold or in free breathing
with advanced non-rigid motion correction (Fig. 6),
producing Nex images per slice position. The Nex images
are then averaged, after motion correction if acquired in
free breathing, into one high-quality image. A one-heart-
beat gap between acquisitions allows for magnetization
recovery. Below are some protocol recommendations:

n The Physio-PACE card
of the black-blood
imaging sequence on
a 1.5T MAGNETOM Sola
system. Images can
be collected either
during breath-hold
or free breathing
(“Resp. Control: Off").
In the case of free
breathing, images
will be delivered with
motion correction
(embedded in the
reconstruction of the
sequence).

Physio Inline Sequence

The Physio-Signal card
of the black-blood
imaging sequence on
a 1.5T MAGNETOM Sola
system. Images are
collected during
mid-diastole, and
repetition time (TR)
is set to the minimum.

Inline Sequence

1.6

Concatenations

Trigger Pulse

Trigger Delay

Phases

TR ms Adaptive Triggering

Segments
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1) We recommend collecting the images in mid-diastole
(Fig. 7).

2) To achieve simultaneous darkening of healthy myocar-
dium and blood signals, the correct Tl needs to be
determined with a dedicated wideband black-blood
Tl scout sequence (Fig. 5).

3) Regularly review the image contrast during acquisition
(single-shot images are reconstructed and sent back
to the operator on a beat-to-beat basis) and adjust the
Tl if necessary. Monitor the heart rate and adjust the
trigger delay if necessary. Check for ghosting artifacts
if performed in breath-hold, and check for wrapping
artifacts.

4) Check for residual ICD-related hyperintensity artifacts
obscuring the myocardium. If they are not completely
suppressed, we recommend acquiring images with
breath-hold during full inspiration to increase the
heart-ICD distance. If this is not sufficient, the distance
can be further increased by raising the patient’s left
arm and placing it next to their head.

MRI safety considerations

Before the 2000s, MRI was contraindicated in patients
with any kind of cardiac implants (pacemaker, ICD, etc.).
With the development of modern, smaller cardiac implants
[6] with fewer magnetic components and improved
electromagnetic interference safety, cardiac MRI has been
shown to be safe at 1.5T with both MR-conditional and
nonconditional cardiac implants [19-21] when following
specific protocols and intraprocedural programming of
the device [22-24]. The presence of fractured, abandoned,
or epicardial leads still remains a contraindication to MRI.
Another aspect that has to be considered is the specific
absorption rate (SAR). Wideband black-blood imaging is
more SAR intensive than standard black-blood imaging,
due to the increased B, amplitude in the inversion recovery
and T2 preparation refocusing pulses. Wideband black-
blood imaging is also more SAR intensive than wideband
PSIR, due to the four additional RF pulses of the T2 prepa-
ration. For this prototype wideband black-blood imaging
sequence at 1.5T, the proposed parameters (see Table 1)
remained below the acceptable limit of 2 Wikg for clinical
application, although SAR values were around 24 times
higher than those of wideband PSIR. Nevertheless, a
reassessment of the SAR deposit will be necessary for
3D applications.

Cardiovascular Imaging

Clinical applications

All images shown in this article were acquired by the
Lausanne University Hospital on a 1.5T MAGNETOM Sola
(software version syngo MR XA31 and XA51, Siemens
Healthineers, Erlangen, Germany) and the University
Hospital of Bordeaux on a 1.5T MAGNETOM Aera (software
version syngo MR E11C) using a 32-channel spine coil and
an 18-channel body coil.

Sequence setting

Parameter range

Acquisition

2D single-shot GRE

Cardiac control

ECG triggering

Respiratory control

Breath-holding

Spatial resolution 1.4 x 1.4 mm?
Slice thickness 8 mm
Acquisition window 170-200 ms
Receiver bandwidth 751 Hzlpixel
Flip angle 15°

Paralell imaging

GRAPPA 2 with 36 reference lines

Phase FOV 75%

Phase resolution 76%

Partial Fourier 6/8
Asymmetric echo Weak or Strong
Dummy heartbeats 0

k-space encoding Linear

IR duration 10.24 ms

IR bandwidth Conventional: 0.8 kHz;

Wideband: 3.8 kHz

T2prep module

90 -180, - 180_ —-90
X y —y —x

T2prep duration

27 ms

T2prep refoc. bandwidth

Conventional: 1.6 kHz;
Wideband: 5.0 kHz

Nex

5-10

Scan time

Nex * 2 heartbeats

Table 1: Wideband black-blood imaging sequence parameters.
Abbreviations: ECG, electrocardiogram; FOV, field of view;
GRAPPA, generalized autocalibrating partially parallel
acquisitions; GRE, gradient recalled echo; Nex, number

of excitations.
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Findings in ischemic patients

In individuals with subendocardial or transmural infarct,
wideband black-blood could improve LGE detection by
58% compared to wideband PSIR. This is explained by the
contrast improvement at the scar-blood interface with
the simultaneous darkening of healthy myocardium and
blood. The improved scar detection was associated with an
improvement in image quality of 5% [17, 18]. ICD-related
hyperintensity artifacts were suppressed as well as with
wideband PSIR, revealing LGE areas that may have been
obscured.

Case 1: A 74-year-old female patient presenting with
reduced left ventricular ejection fraction (20%), preserved
right ventricular ejection fraction (48%), and a transvenous
ICD. Severe hyperintensity artifacts hide half of the myocar-
dium when using standard PSIR (Fig. 4A) and standard
black-blood (Figs. 4B, 4C) LGE imaging, potentially masking
the scar. Wideband sequences (Figs. 4D—4F) drastically
reduced these artifacts, revealing all scarred segments
with the presence of LGE in the inferior and inferolateral
segments. The transmural LGE could be better manually
segmented using wideband black-blood imaging than
wideband PSIR. The application of nonrigid motion cor-
rection to black-blood LGE images obtained during free
breathing resulted in sharp images (Fig. 4F).

Findings in non-ischemic patients

Dilated cardiomyopathy, hypertrophic cardiomyopathy,
myocarditis, calmodulinopathy, and unknown-origin car-
diomyopathy have been inspected with wideband black-
blood LGE imaging, with midwall and subepicardial LGE
findings. Overall, wideband black-blood LGE improved scar
detection by 31%, with the same efficacy as wideband
PSIR in suppressing ICD-associated hyperintensity artifacts.
However, image quality was decreased by 8% compared to
wideband PSIR, due to the lack of anatomical information
[17, 18]. Scar localization with respect to the myocardial
wall is challenged in black-blood imaging, due to the black
healthy myocardium and blood signal. Therefore, espe-
cially for non-ischemic patients, bright-blood imaging
remains essential to localize the LGE segments, whereas
black-blood imaging is essential to detect the LGE seg-
ments. It is worth mentioning that these two acquisitions
can be combined into a single sequence that provides
coregistered bright- and black-blood LGE images.

Case 2: A 58-year-old male patient presenting with
dilated cardiomyopathy with heart failure and reduced
left and right ventricular ejection fraction (26% and 38%,
respectively) on probable myocarditis scar. The patient

8 magnetomworld.siemens-healthineers.com
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was implanted with a transvenous ICD. Standard PSIR

(Fig. 4G) and standard black-blood (Figs. 4H, 4l) LGE imag-
ing revealed hyperintensity artifacts in the anteroseptal,
anterior, and anterolateral segments. Wideband sequences
(Figs. 4)-4L) were able to remove hyperintensity artifacts
that masked the myocardium and LGE. Scar depiction

was challenging with wideband PSIR, but improved mark-
edly with wideband black-blood LGE imaging. The latter
suggested strong evidence of subepicardial LGE in all
segments. As in Case 1, the application of nonrigid motion
correction to black-blood LGE images obtained during

free breathing resulted in sharp images without ghosting
artifacts (Figs. 4K, 4L).

What does the future look like?

Black-blood LGE imaging offers a significant advantage
by improving LGE detection. However, as previously
mentioned, accurate scar localization is essential for
differentiating between ischemic and nonischemic car-
diomyopathy, as well as for comprehensive pathological
assessment. Bright-blood LGE plays a critical role in provid-
ing this spatial context but is acquired independently
from black-blood LGE. A promising future direction involves
combining these two techniques into a single integrated
bright- and black-blood LGE sequence that enables coreg-
istered imaging [25-27], as well as its 3D application.
Beyond distinguishing acute from chronic myocardial
injuries with LGE, risk stratification in various myocardial
diseases is vital for enhancing diagnostic and prognostic
capabilities in structural heart disease. Cardiac parametric
mapping, particularly T1 and T2 mapping, shows consider-
able promise in refining risk stratification in patients being
evaluated for ICD therapy. These techniques may also
enable longitudinal monitoring of myocardium post-ICD
implantation, offering valuable insights into arrhythmic
risk progression and supporting the tailoring of adjunctive
therapies. The integration of parametric mapping with
wideband RF pulses could be pivotal for quantitative cardi-
ac MRIin ICD patients. Wideband T1 mapping has been
proposed as a solution to the limitations of conventional
T1 mapping in the presence of ICDs, though further clinical
validation is needed [28, 29]. The feasibility of wideband
T2 mapping in ICD patients has also been recently intro-
duced but remains at an early stage of investigation [30].
Future preclinical and clinical studies are required to assess
its sensitivity and specificity for detecting myocardial
edema, acute inflammation, myocarditis, and takotsubo
cardiomyopathy.
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Conclusion

Magnetic resonance myocardial black-blood LGE imaging
with wideband RF pulses holds significant promise for bet-
ter LGE identification and characterization in ICD patients.
The release of this C2P sequence could contribute to better
LGE assessment in myocardial disorders in ICD patients and
offer better access to cardiac MRI for this population.

Sequence availability

Our C2P sequence is currently available for sharing in
syngo MR E11C, XA20, XA30, XA31, XA51, XA60, and
XA61 on the C2P platform. The .exar1 protocol for the 1.5T
MAGNETOM Sola (software version syngo MR XA61) is
available to download on the MAGNETOM World website.
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