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Abstract

Purpose—To develop and evaluate a wideband arrhythmia-insensitive-rapid (AIR) pulse
sequence for cardiac T1 mapping without image artifacts induced by implantable-cardioverter-
defibrillator (ICD).

Methods—We developed a wideband AIR pulse sequence by incorporating a saturation pulse
with wide frequency bandwidth (8.9 kHz), in order to achieve uniform T weighting in the heart
with ICD. We tested the performance of original and “wideband” AIR cardiac T, mapping pulse
sequences in phantom and human experiments at 1.5T.

Results—In 5 phantoms representing native myocardium and blood and post-contrast blood/
tissue Tq values, compared with the control T, values measured with an inversion-recovery pulse
sequence without ICD, T, values measured with original AIR with ICD were considerably lower
(absolute percent error >29%), whereas T values measured with wideband AIR with ICD were
similar (absolute percent error <5%). Similarly, in 11 human subjects, compared with the control
T, values measured with original AIR without ICD, T, measured with original AIR with ICD was
significantly lower (absolute percent error >10.1%), whereas T; measured with wideband AIR
with ICD was similar (absolute percent error <2.0%).

Conclusion—This study demonstrates the feasibility of a wideband pulse sequence for cardiac
T, mapping without significant image artifacts induced by ICD.

Keywords

sudden cardiac death; ICD; wideband; cardiac T1 mapping; ECV; myocardial fibrosis; heart
failure

Introduction

Heart failure (HF) is a major healthcare problem that affects over 5 million Americans (1).
Patients with advanced or end-stage HF (i.e., stage D according to the ACCF/AHA
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classification (2)) are characterized by marked symptoms at rest despite maximal medical
therapy (3); consequently, they have a 1-year mortality rate of approximately 40-50% (4, 5).
While heart transplantation is a well-established treatment for improving both survival and
quality of life for these patients (6), from healthcare’s perspective, it is unsustainable due to
a continuing shortage of donor hearts (7). To address this imbalance, the 2013 ACC/AHA
guideline (2) recommends left ventricular (LV) assist device (LVAD) (8-11) as a
destination therapy (12, 13) in select patients. Unfortunately, current clinical risk scores and
profiles provide poor discrimination between responders and non-responders to LVAD
therapy.

Cardiac fibrosis, as a marker of adverse structural remodeling, is a strong predictor of
functional response to intervention (14). While myocardial biopsy is the current gold
standard for assessment of fibrosis, it is rarely indicated due to its associated non-negligible
risk of complications and susceptibility to sampling errors. MRI is emerging as a reliable
non-invasive test for myocardial biopsy (15) using cardiac T, mapping (16-18) or
extracellular volume (ECV) fraction (18-24) mapping pulse sequences. Unlike myocardial
biopsy, these MRI methods provide a means to sample the whole heart non-invasively. In
the context of HF induced by non-ischemic cardiomyopathy, cardiac T, and ECV fraction
mapping pulse sequences may be better than late gadolinium-enhanced (LGE) MRI for
quantification of myocardial fibrosis burden.

Because LVAD candidates (i.e., end-stage HF) typically have prophylactic implantable
cardioverter-defibrillator (ICD) for prevention of sudden cardiac death and/or arrhythmia, a
new pulse sequence needs to be developed to reduce measurement error due to ICD and/or
arrhythmia. Despite the fact that MRI can be performed safely in most patients with cardiac
devices at 1.5T (25, 26), many patients who would derive benefit from MRI do not undergo
MRI largely due to image artifacts arising from the ICD generator. Recently, the feasibility
of wideband LGE MRI was demonstrated for assessment of focal fibrosis in patients with
ICD (27-29), where “wideband” refers to the modified hyperbolic secant radio-frequency
(RF) pulse used to invert the magnetization in the presence of ICD. To our knowledge, no
other study has reported successful cardiac T1 mapping without image artifacts induced by
ICD.

Among the different cardiac T; mapping pulse sequences, an arrhythmia-insensitive-rapid
(AIR) cardiac T4 mapping pulse sequence (30) with a short scan time (~2—3 heart beats) is
well suited for imaging patients with advanced HF, because they often have rapid heart rates
and/or irregular heart rhythm and/or limited breath-hold capacity. In this study, we will
extend AIR cardiac T; mapping to be insensitive to ICD, by incorporating a saturation RF
pulse with wide frequency bandwidth to achieve uniform T, weighting in the heart with
ICD. We demonstrate the feasibility of wideband AIR cardiac T, mapping and evaluate its
relative accuracy in phantom and human experiments at 1.5T.
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Methods

Saturation Pulse Modules

As previously described in (30), the original AIR cardiac T, mapping pulse sequence was
implemented with balanced steady-state free precession (b-SSFP) readout. This pulse
sequence acquires two single-shot images, T1-weighted and proton density (PD), within a
scan time of 2-3 cardiac cycles, depending on heart rate. To minimize image artifacts
induced by ICD and enable successful imaging of patients with ICD implantation, we
modified the original AIR pulse sequence to use ultra-fast gradient echo (TurboFLASH,
Siemens; FastSPGR, GE; TFE, Philips) readout. We used the vendor’s saturation pulse
module for original AIR, which is comprised of three 90° rectangular pulses with 0.5 ms
duration for each rectangular RF pulse (see Figure 1A in (31)). We used this modified AIR
pulse sequence (i.e., TurboFLASH readout + vendor saturation pulse module) as a reference
to compare the wideband AIR pulse sequence described below. For clarity, we refer to this
modified AIR as original AIR throughout this report.

ICD generator is typically implanted on the patient’s left shoulder, approximately 5-10 cm
away from the heart. This distance will induce a center frequency shift as large as 2—-6 kHz
(27). Standard saturation pulse modules have relatively low frequency bandwidth and,
therefore, are unsuitable for complete saturation of magnetization in the presence of ICD.
This means that an effective saturation RF pulse for wideband AIR cardiac Tq mapping in
patients with ICD should have a frequency bandwidth greater than 6 kHz to achieve uniform
T4 weighting. One promising RF pulse module that can effectively saturate the
magnetization over a wide range of frequencies is RF field (B;) insensitive train to obliterate
signal (BISTRO) (32), which was originally developed for outer volume suppression in
inhomogeneous B4. The primary concept behind BISTRO is to not meet the adiabatic
condition on purpose for each individual inversion RF pulse (i.e., < 180° excitation per
pulse), but ultimately fully rotate the longitudinal magnetization (M) onto the transverse
plane (i.e., net excitation equal to 90°) with a train of sub-optimal inversion RF pulses,
where key design considerations are the number of pulses, frequency bandwidth, total pulse
duration, and specific absorption rate (SAR). Figure 1 shows the pulse sequence diagram of
BISTRO that was incorporated into AIR. See Appendix for more details on our
implementation of BISTRO. For clarity, AIR with BISTRO is referred to as wideband AIR
throughout this report.

Calculation of RF Energy Deposition by the Saturation Pulse Modules

Using the pulse sequence simulator (IDEA, Siemens Healthcare, Erlangen, Germany), we
calculated the transmit RF energy for each saturation pulse module, assuming that the RF
voltage needed to achieve B+ (normalized by gyromagnetic ratio) of 500 Hz is 300-350 V.
This RF calibration assumption at 1.5T is consistent with results reported in (33). Nominal
B1+ (normalized by gyromagnetic ratio) is 500 Hz (300-350 V) for the original saturation
pulse module, whereas nominal B1+ (normalized by gyromagnetic ratio) is 926 Hz (556—
648 V) for the wideband saturation pulse module. Note the RF amplifier of our Siemens
Espree system delivers a maximum voltage of 949 V. At these settings, theoretically
calculated transmit RF energy of original and wideband saturation pulse modules was 3.7
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and 101.0 J, respectively. These energy deposition values translate to whole-body SAR of
approximately 0.125 and 0.5 W/kg for original and wideband AIR T mapping acquisitions,
respectively, depending on subject size. We note that this SAR calculation includes
saturation pulse and RF excitations for PD and T-weighted image acquisitions. This
theoretical analysis confirms that whole-body SAR induced by wideband AIR is 3-4 times
lower than the safe limits (1.5-2 W/kg) recommended by established pacemaker/ICD MRI
protocols at 1.5T (25, 26).

Calculation of Frequency Bandwidth of the Saturation Pulse Modules

We determined empirically, in a phantom positioned near magnet isocenter, frequency
bandwidth of the original and wideband saturation pulse modules. Compared with original
AIR, wideband AIR had 256% higher frequency bandwidth (full width at half maximum
[FWHM] = 2.5 kHz and 8.9 kHz for original and wideband, respectively). For more details
on the methods and results, see Appendix and Figure 2A. This experimental analysis
confirms that wideband AIR is insensitive to center frequency shift expected with ICD
located 5-10 cm away from the heart.

MRI Protocol

The original and wideband AIR cardiac T, mapping pulse sequences were implemented on a
1.5T whole-body MRI scanner (Espree, Siemens Healthcare, Erlangen, Germany), equipped
with a gradient system capable of achieving a maximum gradient strength of 33 mT/m and a
slew rate of 100 T/m/s. RF excitation was performed using the body coil, and an 8-element
coil array was used for signal reception.

Both original and wideband AIR pulse sequences used the following relevant imaging
parameters: field of view = 360 mm x 270 mm (phase-encoding), acquisition matrix = 128 x
96 (phase-encoding), in-plane resolution = 2.8 mm x 2.8 mm, slice thickness = 8 mm, echo
time (TE) = 1.1 ms (asymmetric readout), repetition time (TR) = 2.2 ms, receiver bandwidth
= 1000 Hz/pixel, center-out k-space ordering, readout duration = 132 ms, saturation-
recovery time delay (TD) = 600 ms, flip angle = 10°, breath-hold duration = 2-3 heart beats,
and generalized autocalibrating partially parallel acquisitions (GRAPPA) (34) with an
acceleration factor = 1.6 (including reference lines). Note that in center-out k-space ordering
the first RF excitation is used to acquire the origin of k-space. This acquisition scheme
minimizes the sensitivity to excitation angle variation (35, 36) and enables straight-forward
calculation of T1 using the Bloch equation describing ideal saturation-recovery, as
previously described (30).

Experiment 1: Evaluation of Sensitivity to ICD and Intracardiac Leads in Phantom

We evaluated the performance of original and wideband AIR pulse sequences with and
without an ICD generator (Vitality AVT Model A155, GUIDANT Boston Scientific, Natick,
Massachusetts) taped to one side of the phantom as shown in Figure 3. We performed Ty
mapping in a coronal plane with the ICD in the plane, in order to visualize the effectiveness
of the saturation pulse modules as a function of ICD distance. We also performed a static
magnetic field (Bg) mapping acquisition (i.e., double echo with TE difference = 4.76 ms)
with matching spatial resolution as T1 mapping. For cases with ICD, the By maps were
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generated after performing phase unwrapping based on network programming (37). The
same experiment was repeated with intracardiac leads attached to the same location. In this
experiment, original AIR cardiac T, mapping without ICD was used as the control.

Experiment 2: Evaluation of Accuracy in MnCl, Phantoms with ICD

We tested the performance of original and wideband AIR cardiac T, mapping pulse
sequences in phantoms with clinically relevant T, and T values positioned near magnet
isocenter. Specifically, we imaged five phantoms with different concentrations of
manganese (I1) chloride (MnCly) in distilled water (see Table 1 for the concentration and
reference T1 and T, values). MnCl, was chosen because it has T1/To ~ 10 at 1.5 T (38),
which is comparable to that of tissues.

Reference T, values were measured using an inversion-recovery fast spin echo (IR-FSE)
pulse sequence; the resulting data were analyzed using a 2-parameter fit of the mono-
exponential signal relaxation, solving for equilibrium signal amplitude and T, . The relevant
imaging parameters for IR-FSE include: same spatial resolution as AIR, excitation flip angle
=90°, refocusing flip angle = 180°, TE =6 ms, TR =20 s (> 5 T9), receiver bandwidth =
501 Hz/pixel, turbo factor = 7, and number of images = 16. The inversion times were 100,
200, 300, 400, 500, 600, 700, 800, 1000, 1100, 1200, 1500, 1800, 2300, 2700, and 20000
ms.

For comparison, we also performed 3-3-5 modified Look-Locker inversion recovery
(MOLLI)(39) with b-SSFP readout and heart rate simulated to 60 beats per minute. The
relevant imaging parameters for 3-3-5 MOLLI include: same spatial resolution as AIR, scan
time = 17 heart beats, flip angle = 35°, TE = 1.1 ms, TR = 2.6 ms, receiver bandwidth = 930
Hz/pixel, and inversion times and linear k-space ordering as previously described (39).

Reference T, values were measured using a multi-echo fast spin echo (ME-FSE) pulse
sequence (40); the resulting data were analyzed using a 3-parameter fit of the mono-
exponential signal relaxation, solving for initial signal amplitude, T,, mean background
noise. The relevant imaging parameters for ME-FSE include: same spatial resolution as
AIR, excitation flip angle = 90°, refocusing flip angle = 180°, TR =20 s (> 5 T;5), receiver
bandwidth = 501 Hz/pixel, turbo factor = 2, inter-echo spacing = 4.7 ms, inter-image
spacing = 9.4 ms, and number of images = 12. The image echo times were 9.4, 19, 28, 38,
47,57, 66, 76, 85, 95, 104, and 113 ms.

For each phantom vial, with the ICD generator taped 10 cm away from the phantom vial
(through-plane direction), we performed original and wideband AIR T, mapping
acquisitions. This experiment was repeated without ICD for completeness.

Experiment 3: Evaluation of Accuracy in MnCl, Phantoms as a Function of Center
Frequency Shift

We evaluated the performance of original and wideband AIR in phantoms (same as
Experiment 2) as a function of center frequency shift (same setup as the Frequency
Bandwidth experiment; see Appendix).
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Experiment 4: Evaluation of Accuracy in Human Subjects with ICD

Human imaging was conducted in accordance with protocols approved by our institutional
Review Board and the Health Insurance Portability and Accountability Act; all subjects
provided written informed consent.

We evaluated the performance of original and wideband AIR cardiac T4 mapping pulse
sequences in 11 human volunteers (10 males, 1 female, mean age = 30.0 + 6.0 years)
without prior history of heart disease. In each subject, we conducted T, mapping in 2-
chamber and short-axis planes of the left ventricle, without administration of contrast agent
(i.e., native T, mapping). To mimic image artifacts induced by ICD, we taped the ICD
generator on each subject’s left shoulder, approximately 5-10 cm superior to the left nipple,
and performed original and wideband AIR cardiac T4 mapping acquisitions. This mimicking
approach (taping an ICD on left shoulder) was first established by Rashid et al. at 1.5T (27)
and verified by our group at 3T (29). In human experiments, original AIR cardiac Tq
mapping without ICD was used as the control (see phantom results in Table 1 for
justification).

In one male volunteer (age = 37), we performed native and post-contrast (15 and 35 min
after administration of 0.15 mmol/kg of MultiHance) cardiac T mapping in a 2-chamber
plane of the left ventricle. This experiment was conducted to verify insensitivity to clinically
relevant T,. For each time point (baseline and 15 and 35 min after administration of
MultiHance), we performed original and wideband AIR T1 mapping with and without ICD,
for a total of 4 AIR T, mapping acquisitions (original AIR, original AIR with ICD,
wideband AIR, and wideband AIR with ICD) per time point. For each time point, we first
randomized the ICD presence, and then randomized the pulse sequence order. To further
reduce the impact of contrast agent washout effects, we streamlined the protocol to perform
4 T1 mapping acquisitions per time point in 1 min (including breathing instructions), while
making sure to allow full magnetization recovery between acquisitions (i.e., wait time > 5
T4s). To maintain the same ICD position throughout MRI at different time points, we drew
the contour of the ICD on the volunteer’s chest for repeatable taping and removal.

Image Analysis

To achieve noise reduction during post-processing, which is important since low signal-to-
noise ratio is expected with ultra-fast gradient echo readout and 10° flip angle, we applied a
modified Hanning window to the k-space representation of each image. To estimate the
blurring effects of the Hanning window, we calculated its point spread function (PSF) as the
inverse Fourier transform of the window. We then calculated the FWHM with subpixel
precision using linear interpolation. The resulting FWHM was 1.5 and 1.3 pixel in the
frequency-encoding and phase-encoding directions, respectively. Note that FWHM of an
ideal PSF is 1 pixel.

For calculation of Tq, the Tq-weighted image was divided by the corresponding PD image
on a pixel-by-pixel basis, and the ratio was used to calculate T based on the Bloch equation
describing T relaxation in ideal saturation-recovery, as previously described (30). For the
phantom experiments, we generated a mask defining the phantom boundary based on
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intensity thresholding to remove the background and include only the whole phantom. For
cardiac data analysis, endo- and epi-cardial contours were manually drawn to segment the
myocardium, and another region-of-interest (ROI) was drawn to encircle the LV cavity.
Care was taken to avoid partial volume averaging for each contour tracing (see Figure 4).
All image processing was conducted using customized software programmed in Matlab
(R2009a, The MathWorks, Inc., Natick, MA).

Statistical Analysis

Results

For statistical analysis of human data from 11 subjects, for each measurement type (native
blood, native myocardium) per cardiac plane (short-axis, 2-chamber view), the mean T,
value within an ROI (blood or myocardium) was pooled and averaged over 11 subjects. For
each measurement type per cardiac plane, a single-factor analysis of variance was used to
compare the mean T, values between four groups (original AIR without ICD, original AIR
with ICD, wideband AIR without ICD, and wideband AIR with ICD), and Bonferroni
correction was used to compare the mean values between the control (original AIR without
ICD) and other three groups (original AIR with ICD, wideband AIR without ICD, and
wideband AIR with ICD). A p < 0.05 was considered to be significant. All statistical
analyses were performed using the Analyse-it software (Analyse-it Software, Ltd., Leeds,
United Kingdom).

Experiment 1: Evaluation of Sensitivity to ICD and Intracardiac Leads in Phantom

Figure 3 shows coronal T1 maps of a phantom with ICD taped on one side of the phantom as
shown. A T, map acquired with original AIR without ICD is also shown as a reference.
Original AIR with ICD yielded considerable image artifacts, whereas wideband AIR with
ICD suppressed image artifacts in regions as shown. Figure 3 also shows the corresponding
T1 maps with intracardiac leads attached to the same location as ICD. Note that both original
and wideband AIR were insensitive to intracardiac leads. The corresponding By maps
confirm that ICD distorts B significantly, where the peak center frequency offset is
approximately 1,700 Hz. We note that regions close to the ICD (presumably with even
higher frequency offset) were removed because of signal dropout. For completeness, see the
corresponding plots of T4 as a function of center frequency offset on a pixel-by-pixel basis
(Supporting Figure S1).

Experiment 2: Evaluation of Accuracy in MnCl, Phantoms with ICD

In 5 phantoms with different concentrations of MnCl,, compared with the control T1 values
derived from IR-FSE without ICD, the corresponding T; values were considerably lower for
original AIR with ICD, whereas the T values were similar for wideband AIR with ICD. For
completeness, see the corresponding T results for original and wideband AIR and MOLLI
without ICD (Table 1). We note that the standard deviation per phantom is considerably
higher for original AIR with ICD than wideband AIR with ICD, implying higher sensitivity
to ICD for original AIR.
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Experiment 3: Evaluation of Accuracy in MnCl, Phantoms as a Function of Center
Frequency Shift

Figure 2B shows plots of T4 as a function of center frequency shift. Consistent with the
frequency bandwidth experiment, wideband AIR produced consistent T, results over 8.9
kHz, whereas original AIR produced consistent T, results over 2.5 kHz.

Experiment 4: Evaluation of Accuracy in Human Subjects with ICD

Figure 4 shows representative native T maps in short-axis and long-axis planes of the heart
of two different volunteers. Compared with original AIR without ICD as the control,
original AIR with ICD produced less accurate T4 results, whereas wideband AIR with ICD
produced more accurate T results. For completeness, see the corresponding T results for
original and wideband AIR without ICD (Supporting Table S1). We note that the standard
deviation per ROI is considerably higher for original AIR with ICD than wideband AIR with
ICD, implying higher sensitivity to ICD for original AIR.

Averaging the results over 11 human subjects, the mean myocardial and blood Tq
measurements were significantly different between the four groups (Table 2; p < 0.001).
Compared with original AIR without ICD as the control, only original AIR with ICD was
significantly different in both imaging planes (p < 0.05). We note that native T,
measurements (myocardial T1 ~ 1,100 ms; blood T; ~ 1,500 ms) made with original AIR
without ICD and wideband AIR with and without ICD are comparable to ex-vivo (41) and in
vivo (42) myocardial and blood T, measurements at 1.5T reported in literature.

Figure 5 shows native and post-contrast T; maps of another volunteer. Similar to the results
shown in Figure 4 and data summarized in Table 1, compared with original AIR without
ICD, original AIR with ICD produced less accurate T4 results, whereas wideband AIR with
ICD produced more accurate Tq results. For completeness, see the corresponding T results
for original and wideband AIR without ICD (Supporting Table S2). Consistent with
phantom and native cardiac T results, the standard deviation per ROl is considerably higher
for original AIR with ICD than wideband AIR with ICD, implying higher sensitivity to ICD
for original AIR.

Discussion

This study demonstrates the feasibility of a wideband pulse sequence for cardiac T1 mapping
without significant image artifacts induced by ICD at 1.5T. In both phantom and human
experiments, compared with control T, measurements without ICD, original AIR with ICD
produced less accurate T results, whereas wideband AIR with ICD produced more accurate
T4 results.

This study has several points that warrant discussion. First, to our knowledge, this is the first
study reporting successful cardiac T4 mapping without significant image artifacts induced by
ICD. Future studies include evaluation of diffuse myocardial fibrosis burden in patients with
ICD implantation. Second, in addition to the image artifacts that cause Ty error, ICD may
also cause severe image distortion, spatial shifts, and signal loss due to intravoxel dephasing,
all of which may be a problem when registering different MR images which have different
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sensitivities. These effects can be minimized by using a readout with short echo time such as
ultra-short TE pulse sequences. Third, compared with original AIR, wideband AIR deposits
more energy per unit time (i.e., higher SAR). However, in the context of wideband AIR
cardiac T1 mapping (one PD image acquisition without saturation pulse and one T;-
weighted image acquisition with saturation pulse, each acquisition with TurboFLASH
readout), we were able to perform wideband AIR safely; it produces whole-body SAR of 0.5
W/kg, which is 3—4 times lower than the safe limits (1.5-2 W/kg) recommended by
established pacemaker/ICD MRI protocols at 1.5T (25, 26). Therefore, it is highly unlikely
that wideband AIR will cause significant lead tip heating. Nevertheless, a future
comprehensive study is warranted to measure RF-induced lead tip heating with wideband
AIR, similar to (43, 44). Fourth, this study did not test other investigational cardiac T,
mapping pulse sequences in the presence of ICD. Other investigational cardiac T, mapping
pulse sequences (MOLLI (39) and sShMOLLI (45) using a standard hyperbolic secant
adiabatic inversion RF pulse; SASHA (42) and MLLSR (46) using a standard saturation
pulse) are likely to be sensitive to ICD and produce inaccurate Tq results, because the
frequency bandwidth of the aforementioned RF pulse modules is not wide enough to handle
the large center frequency shift induced by ICD. In addition, MOLLI, shMOLLI, MLLSR,
and SASHA all use b-SSFP, so the readout will also generate image artifacts induced by
ICD. Therefore, we did not compare wideband AIR with MOLLI, shMOLLI, MLLSR, and
SASHA, since their wideband counterparts are currently unavailable. A head-to-head
comparison between wideband AIR to wideband versions of MOLLI, shMOLLI, MLLSR,
and SASHA (which currently do not exist) is beyond the scope of this study. Fifth, we note
that both original (FWHM = 2.5 kHz) and wideband (FWHM = 8.9 kHz) saturation pulse
modules are insensitive to typical static magnetic field inhomogeneity in the heart at 1.5T (~
100 Hz, largely due to the heart-lung interface and/or cardiac veins)(47). Sixth, while
duration of the wideband pulse module is 151 ms, the total RF time is only 46 ms, whereas
the remaining time is used to play crusher and spoiler magnetic field gradients. We note that
in the context of saturation of magnetization, T, relaxation during the RF time is a benefit,
whereas in the context of inversion of magnetization T, relaxation is a detriment. Therefore,
BISTRO is insensitive to T in the context of saturation recovery of magnetization (see
Table 1 and Figure 5). Seventh, our implementation of BISTRO differs from the original
version (32); the latter was designed for high field applications. In contrast, our application
is largely restricted to 1.5T because of unknown safety associated with MRI of patients with
ICD implantation at 3T. By+ variation within the heart at 1.5T is approximately 10% (48);
therefore, in the context of MRI of patients with ICD implantation, B;+ variation is less of a
concern than static magnetic field variation induced by ICD, as previously described (27).
We had conducted a preliminary experiment to compare the performance of BISTRO
between constant and variable RF amplitudes, but did not observe a significant difference
between them. Therefore, for ease of implementation, we elected to design BISTRO with
constant RF amplitudes. We also performed a preliminary test to compare the level of
stimulated echoes between constant and variable durations of crusher gradients, and noticed
that varying the durations produced less stimulated echoes in the context of TurboFLASH
readout.
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This study has three limitations that warrant discussion. First, as a technical development
work, we did not include patients with ICD implantation. A thorough investigation of safety
and effectiveness in patients with ICD implantation is beyond the scope of this work. As
such, we are unable to definitively claim that wideband AIR is insensitive to implanted ICD
including intracardiac leads. Our phantom study (see Figure 3) shows that intra-cardiac leads
do not produce significant image artifacts. Furthermore, our experience with LGE MRI
(with a standard hyperbolic secant inversion pulse with frequency bandwidth ~ 1 kHz) in
patients with ICDs suggests that the center frequency shift induced by intracardiac leads is
not high enough to influence the efficacy of a standard hyperbolic secant inversion pulse.
Our experience is consistent with wideband LGE MRI results reported by Rashid et al. (27).
The mimicking approach (taping an ICD generator on the subject’s left shoulder) was first
established by Rashid et al. at 1.5T (27) and verified by our group at 3T (29). Thus, results
from this study are likely to translate to patients with ICD implantation. Not testing the
performance of wideband AIR cardiac T mapping in patients with ICD implantation is a
limitation of this study; on the other hand, the proposed study design, with original AIR T,
mapping without ICD as the control, allows reference measurements and repeated
measurements without safety concerns associated with lead tip heating. This technical
development work may set the foundation for future studies aim at evaluating both the
effectiveness and safety of wideband AIR cardiac T mapping in patients with implanted
cardiac devices. Second, in this study we used a protocol to produce nominal spatial
resolution of 2.8 mm x 2.8 mm (4.2 mm x 3.6 mm accounting for the additional blurring
caused by Hanning window), in order to compensate for low signal-to-noise ratio.
Compared with 3-3-5 MOLLI, wideband AIR is expected to produce lower signal-to-noise
ratio (see standard deviation values in Table 1) due to the following factors: b-SSFP
(MOLLI) vs. TurboFLASH (wideband AIR), inversion recovery (MOLLI) vs. saturation
recovery (wideband AIR), and 11 images (MOLLI) vs. 2 images (wideband AIR). The
resolution used in this study will be sensitive to partial volume effects and introduce errors
when quantifying T4 from small myocardial lesions. Fortunately, the spatial resolution
reported in this study may be adequate for quantifying diffuse cardiac fibrosis in patients
with non-ischemic cardiomyopathy. Potential approaches to improve the spatial resolution
include the use of dedicated cardiac coil array and image denoising with nonlinear iterative
method such as non-local means (49). Third, this study included only one subject with
contrast agent administration. Consistent with the BISTRO design (see Appendix), our
phantom study (see Table 1) shows that wideband saturation pulse module is insensitive to
To. While both theoretical and in vitro results suggest insensitivity to T,, additional human
subjects with contrast agent administration need to be examined to verify that wideband is
insensitive to clinically relevant T,.

In summary, this study demonstrates the feasibility of wideband AIR pulse sequence for
cardiac T4 mapping without significant image artifacts induced by ICD. A future study of a
high number of patients with ICD implantation is warranted to evaluate the clinical utility of
wideband AIR cardiac T, mapping for assessment of myocardial fibrosis burden without
image artifacts induced by ICD. This new cardiac-device-insensitive MRI pulse sequence
may have a broad impact on cardiac imaging, because it has the potential to activate new
clinical studies aimed at advancing other cardiac devices such as biventricular pacemaker.
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BISTRO Implementation Details

We implemented BISTRO as a train of 15 hyperbolic secant adiabatic inversion RF pulses,
with crusher gradients in between RF pulses to minimize stimulated echoes, and spoiler
gradients before the first RF pulse and after the last RF pulse to dephase the transverse
magnetization (see Figure 1). We decreased the duration from the first to last set of crusher
gradients to suppress stimulated echoes. The total duration, including crusher and spoiler
gradients, was 151 ms. Each hyperbolic secant inversion pulse (frequency modulation
parameter 3 = 750 radians/s, phase modulation parameter g = 10 [dimensionless]) was 3.07
ms long and its nominal transmit B+ (hormalized by gyromagnetic ratio) calibrated by the
transmit body coil was 926 Hz. The number of pulses and nominal B4+ (i.e., amplitude) for
each pulse were empirically determined in a preliminary phantom experiment, where we
systematically adjusted the number of RF pulses and nominal B1+ to consistently achieve
effective saturation of magnetization (i.e., residual M, immediately after the last RF pulse in
the module is less than 5% of equilibrium magnetization (Mg)).

Calculation of Frequency Bandwidth of the Saturation Pulse Modules

We determined empirically, in a phantom positioned near magnet isocenter, the frequency
bandwidth of the original and wideband saturation modules. Using the approach described in
(31, 48, 50), we quantified the residual M, immediately after the saturation pulse module, by
normalizing the saturation-no-recovery image (i.e., TD = 3 ms, which is the duration of the
spoiler gradients) with the PD image (i.e., Mg) and calculating the residual M, as a fraction
of Mg (0 to 1). Note that residual M, of 0 corresponds to complete saturation of
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magnetization, whereas residual M, of 1 corresponds to no rotation. The experiment was
repeated by adjusting the center frequency offset of the saturation pulse module from -6 to 6
kHz (variable steps). We then plotted the residual M, (as a fraction of Mg) as a function of
center frequency shift to calculate the FWHM, which is by definition the frequency
bandwidth of the saturation pulse module. As shown in Figure 2, the residual M, curve for
original saturation pulse module had side lobes. This observation is consistent with the fact
that original saturation pulse module is comprised of 3 rectangular RF pulses (i.e., Fourier
transform of a rectangular function is a sinc; see Figure 2).
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Figure 1.

Pulse sequence diagram of a wideband saturation pulse module (BISTRO), which is
comprised of 15 hyperbolic secant inversion RF pulses that do not meet the adiabatic
condition on purpose. The spoiler gradients are applied before the first RF pulse and after
the last RF pulse to dephase the transverse magnetization. The crusher gradients in between
RF pulses are played to minimize stimulated echoes. While duration of the wideband
saturation pulse module is 151 ms, the total RF time is only 46.05 ms, whereas the
remaining time is used to play crusher and spoiler magnetic field gradients. These diagrams
are drawn to approximate proportions but not to exact scale. G: slice-select gradient; Gy
phase-encoding gradient; Gy: frequency-encoding gradient.
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Figure2.
(A) Plots of residual M, (as a fraction of Mg) as a function of center frequency shift. Note

that residual M, = 0 corresponds to complete saturation of magnetization, whereas residual
M, =1 corresponds to no saturation. Compared with the original saturation pulse module
(gray line), wideband pulse module (black line) had 256% higher frequency bandwidth
(FWHM = 2.5 kHz and 8.9 kHz for original and wideband, respectively). Af = center
frequency shift. (B) Plots of T1 as a function of center frequency shift. Consistent with the
frequency bandwidth experiment, wideband AIR (black line) produced consistent Tq results
over 8.9 kHz, whereas original AIR (gray line) produced consistent Tq results over 2.5 kHz.
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Figure 3.
Coronal T, maps of a phantom acquired with original AIR (middle column) and wideband

AIR (right column): without anything taped (top row), with ICD leads (middle row), and
with ICD taped on one side of the phantom as shown (bottom row). The corresponding By
maps are also shown (left column). Regions near the ICD were removed because of
significant signal dropout. Arrows display the distance between ICD and outer boundary of
the contaminated region.
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Figure 4.
Representative native T1 maps in short-axis (rows 2 and 4) and long-axis (rows 1 and 3)

planes of the heart of two different volunteers with and without ICD taped on their left
shoulder (~5-10 cm from the heart): original AIR without ICD (column 1), wideband AIR
without ICD (column 2), original AIR with ICD (column 3), and wideband AIR with ICD
(column 4). Compared with original AIR without ICD as the control, original AIR with ICD
produced less accurate T, results, whereas wideband AIR with ICD produced more accurate
T4 results. White arrows point to cardiac regions compromised by ICD. Blood and cardiac
contours superimposed on the left column only. See Supporting Table S1 for the
corresponding T1 values.
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Figure5.
Representative native and post-contrast (15 and 35 min after MultiHance administration) T,

maps in a 2-chamber plane of the heart acquired with and without ICD taped on his left
shoulder (~5-10 cm from the heart): original AIR without ICD (column 1), wideband AIR
without ICD (column 2), original AIR with ICD (column 3), and wideband AIR with ICD
(column 4). Compared with original AIR without ICD as the control, original AIR with ICD
produced less accurate T results, whereas wideband AIR with ICD produced more accurate
T4 results. White arrows point to cardiac regions compromised by ICD. See Supporting
Table S2 for the corresponding T, values.
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Table 2

Summary of mean myocardial and blood T, measurements over 11 human subjects. These Tq measurements

were made with original AIR without ICD, wideband AIR without ICD, original AIR with ICD, and wideband
AIR with ICD.

Tissue Type Original (ms) Wideband (ms) Original with ICD (ms) | Wideband with ICD (ms)
2-CH, Myocardium | 1093.6 +42.1 | 1158.8+445 (6.0%) | *gg4.8+84.8 (~19.1%) 1114.9 + 68.8 (2.0%)
SAX, Myocardium | 1069.8+29.3 | 1137.7 +28.6 (6.4%) | *g37.9 + 115.8 (-21.7%) 1091.4 £ 82.7 (2.0%)

2-CH, Blood 14700 75.3 | 1498.3%57.6 (1.9%) | *13216 + 124.7 (-10.1%) 1489.7 + 60.8 (1.3%)

SAX, Blood 14739+892 | 152254523 (33%) | *1241.0 + 268.9 (-15.8%) 1496.6 + 58.3 (1.5%)

Values represent mean + standard deviation over 11 subjects. Percent error (relative to original AIR without ICD) is reported in parenthesis.
Myocardial T1 was significantly (p < 0.001) different between four acquisitions in 2-chamber and short-axis planes. Compared with original AIR

without ICD as the control, only original AIR with ICD was significantly different in both imaging planes (p < 0.05). The same trends were
observed for blood T1 (ANOVA,; p < 0.001), where only original AIR with ICD (column 4) was significantly different from original AIR without

ICD in both imaging planes (p < 0.05). We regret that the Analyse-it software does not report the adjusted p values for the Bonferroni paired-wise
test. 2-CH: 2-chamber view; SAX: short-axis view.

*
p < 0.05 with respect to original AIR without ICD as the control.
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