
TECHNICAL DEVELOPMENT

More than 3 million Americans (1) have a cardiac im-
plantable electronic device (CIED), such as a pacemak-

er, implantable cardioverter defibrillator (ICD), or cardiac 
resynchronization therapy device, with each device serving 
a specific purpose to increase the survival rate and quality 
of life. Patients with an implantable defibrillator (ICD or 
cardiac resynchronization therapy defibrillator) are at high 
risk for development of new or worsening cardiac symp-
toms because almost all of them have preexisting coronary 
artery disease, heart failure, or both, thereby warranting 
noninvasive imaging to rule out reversible symptoms.

Because patients with a CIED often have contraindi-
cations to exercise or dobutamine stress echocardiography 
(eg, tachyarrhythmia), such patients who present with 
new or worsening cardiac symptoms routinely undergo 
a combination of vasodilator cardiac SPECT (perfusion 

and viability) and resting echocardiography (function, 
valves) as part of their clinical workup. The necessity of 
two cardiac imaging tests (stress SPECT, resting echocar-
diography) to diagnose new or worsening cardiac symp-
toms in patients with a CIED represented an inefficient 
use of health care resources. As a versatile modality with 
which to accurately assess myocardial perfusion, function, 
viability, and valves, cardiovascular MRI may deliver bet-
ter value compared with the requisite combination of two 
cardiac imaging modalities (SPECT, echocardiography) in 
patients with a CIED. Although cardiac MRI safety at 1.5 
T in patients with a CIED was manageable (2), clinically 
important image artifacts occurring in 33%–48% of cases 
(3,4) remained a major limitation.

Rashid et al (5) first introduced the wideband con-
cept for late gadolinium-enhanced (LGE) cardiac MRI 
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Purpose: To develop an accelerated wideband cardiac perfusion pulse sequence and test whether it can produce diagnostically accept-
able image quality and whether it can be used to reliably quantify myocardial blood flow (MBF) in patients with a cardiac implantable 
electronic device (CIED).

Materials and Methods: A fivefold-accelerated wideband perfusion pulse sequence was developed using compressed sensing to sample one 
arterial input function plane and three myocardial perfusion (MP) planes per heartbeat in patients with a CIED with heart rates as 
high as 102 beats per minute. Resting perfusion scans were performed in 10 patients with a CIED and in 10 patients with no device 
as a control group. Two clinical readers compared the resulting images and retrospective images of the 10 patients with a CIED, which 
were obtained by using a previously described twofold-accelerated wideband perfusion pulse sequence with temporal generalized au-
tocalibrating partially parallel acquisition. Summed visual score (SVS) was defined as the sum of conspicuity, artifact, and noise scores 
individually ranging from 1 (worst) to 5 (best). Resting MBF in the remote zones was quantified using Fermi deconvolution.

Results: Median SVS was significantly different (P < .05) between the prospective and retrospective CIED groups (13 vs nine) and 
between the nondevice group and the retrospective CIED group (13.5 vs nine); all median SVSs were nine or greater (clinically ac-
ceptable cut point). The median resting MBF in remote zones was not significantly different (P = .27) between patients with a CIED 
(1.1 mL/min/g; median left ventricular ejection fraction [LVEF], 52.5%) and patients with no device (1.3 mL/min/g; median LVEF, 
64.0%). Mean MBF values were consistent with those (mean resting MBF range, 1.0–1.2 mL/min/g) reported by two prior state-of-
the-art cardiac perfusion MRI studies.

Conclusion: The proposed scan yielded diagnostically acceptable image quality and enabled reliable quantification of MBF with three 
MP planes per heartbeat in patients with a CIED with heart rates as high as 102 beats per minute.

Supplemental material is available for this article.
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rapid heart rate, thereby necessitating acceleration techniques, 
such as compressed sensing (CS), to achieve relatively high spa-
tial resolution (approximately 2 3 2 mm) and sample one arte-
rial input function (AIF) plane and at least three myocardial 
perfusion (MP) planes per heartbeat. A previously described 
wideband cardiac perfusion pulse sequence (8) using a tem-
poral generalized autocalibrating partially parallel acquisition 
acceleration factor (R) of two was insufficient to achieve the 
aforementioned objectives in patients with a CIED with rapid 
heart rates. Previously described accelerated cardiac perfusion 
cardiac MRI methods, including k-space and time (k-t) spar-
sity and low-rank (SLR)(9), k-t sparsity and sensitivity encod-
ing (SPARSE-SENSE)(10), low-rank plus sparsity (L + S)(11), 
block low-rank sparsity with motion-guidance (BLOSM) (12), 
and temporally constrained reconstruction (TCR) (13), had 
not been extended for wideband imaging and tested in patients 
with a CIED. Thus, a new cardiac perfusion pulse sequence 
that combined wideband imaging, AIF imaging (14), and 
highly accelerated Cartesian k-space sampling methods was 
necessary to achieve the aforementioned objectives (high spa-
tial resolution with adequate myocardial coverage, clinically ac-
ceptable image quality, reliable MBF) in patients with a CIED.

In this initial feasibility study, we sought to develop a five-
fold-accelerated wideband quantitative perfusion cardiac MRI 
pulse sequence by combining wideband, AIF imaging, and CS 
methods and testing whether it could produce images of diag-
nostically acceptable image quality with high spatial resolution 
(approximately 2 3 2 mm) and adequate myocardial coverage 
(three MP planes per heartbeat with heart rates as high as 102 
beats per minute) and be used to reliably quantify MBF in pa-
tients with a CIED.

Materials and Methods

Experiment 1: Prospective Evaluation of Image Quality and 
MBF in Patients with a CIED and in Patients with No Device
We prospectively enrolled 10 patients with a CIED (seven 
men, three women; median age, 53.8 years; interquartile range 
[IQR], 35.6 years) and 10 patients with no device (four men, 
six women; median age, 59.2 years; IQR, 9.9 years) who were 
undergoing clinical cardiac MRI with administration of a 
gadolinium-based contrast agent. Because these clinical car-
diac MRI scans did not involve dynamic contrast material–en-
hanced cardiac MRI, they provided us an opportunity to add 
resting perfusion scans for research without substantially alter-
ing the clinical workflow. Patients with no device undergoing 
clinical cardiac MRI to rule out either infiltrative or hyper-
trophic cardiomyopathy were enrolled to serve as the control 
group for resting MBF. For each patient, the rhythm status 
during cardiac MRI was estimated by extracting the mean 
and standard deviation of the R-R interval embedded in the 
Digital Imaging and Communications in Medicine header of 
retrospective electrocardiographically gated cine data acquired 
as part of the clinical cardiac MRI routine. This study was 
conducted in accordance with protocols approved by the in-
stitutional review board and was compliant with the Health 

to invert highly off-resonant spins using wideband radio-
frequency inversion pulses. This concept had been extended 
for cardiac T1 mapping (6,7) and perfusion cardiac MRI (8). 
For patients with a CIED with new or worsening coronary 
artery disease, it might have been desirable to quantify myo-
cardial blood flow (MBF) in milliliters per minute per gram 
for longitudinal follow-up, enabling detection of multi- and 
microvessel disease and prediction of outcomes. However, it 
was technically challenging to perform quantitative perfusion 
cardiac MRI in patients with a CIED for several reasons. First, 
a CIED caused substantial static magnetic field variations (off 
resonance) across the heart, on the order of several kilohertz 
(5). To compensate for such high off resonance, a wideband 
saturation pulse (8) was recommended to achieve uniform T1 
weighting across the heart and set the residual longitudinal 
magnetization immediately after saturation pulse to near zero, 
and Cartesian k-space sampling was recommended over non–
Cartesian k-space sampling to avoid large geometric distortion 
induced by several kilohertz off resonance. Second, patients 
with a CIED typically had a high burden of arrhythmia and/or 

Abbreviations
AIF = arterial input function, CIED = cardiac implantable electron-
ic device, CS = compressed sensing, ICD = implantable cardioverter 
defibrillator, IQR = interquartile range, LGE = late gadolinium 
enhanced, MBF = myocardial blood flow, MP = myocardial perfu-
sion, PCA = principal component analysis, R = acceleration factor, 
SVS = summed visual score, TS = saturation recovery time to the 
center of k-space

Summary
A fivefold-accelerated cardiac perfusion pulse sequence with 
compressed sensing reconstruction to quantify myocardial blood 
flow (MBF) in patients with a cardiac implantable electronic device 
(CIED) showed that the proposed method was capable of producing 
high image quality with relatively high spatial resolution (approxi-
mately 2 3 2 mm) and enabled reliable quantification of MBF in 
three short-axis planes per heartbeat in patients with a CIED with 
heart rates as high as 102 beats per minute.

Key Points
 n Although recently developed wideband cardiac perfusion MRI us-

ing standard parallel imaging was capable of suppressing image ar-
tifacts induced by cardiac implantable electronic devices (CIEDs), 
its relatively low data acquisition efficiency made it challenging 
to achieve relatively high spatial resolution (approximately 2 3 2 
mm) and extensive myocardial coverage and to include arterial in-
put function imaging for myocardial blood flow quantification.

 n By leveraging data acceleration afforded by compressed sensing, 
this study sought to develop a fivefold-accelerated wideband cardi-
ac perfusion pulse sequence to acquire an arterial input function to 
quantify myocardial blood flow and produce clinically acceptable 
image quality with relatively high spatial resolution (approximately 
2 3 2 mm) in three short-axis planes per heartbeat in patients 
with a CIED with heart rates as high as 102 beats per minute.

 n Results from this study showed that the proposed pulse sequence 
with compressed sensing reconstruction produced 2.1 3 2.1 mm 
spatial resolution with at least three short-axis planes per heartbeat 
in patients with a CIED (median heart rate, 65 beats per minute) 
and clinically acceptable image quality and resting myocardial 
blood flow values that were comparable to those from patients 
with no device (control group).

http://radiology-cti.rsna.org
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Figure 1: A, A schematic of a fivefold-accelerated dual-imaging cardiac perfusion pulse sequence for sampling one arterial input function (AIF) plane and at least three 
short-axis (SAX) planes per heartbeat. In the first two repetitions with a 4-second delay between the first two acquisitions, proton density (PD)–weighted images are acquired 
by not playing the wideband saturation pulse. For the AIF scan, images are acquired with a saturation recovery time to the center of k-space (TS) of 20 msec and centric 
k-space ordering. For the myocardial perfusion (MP) scan, images are obtained with a TS of 82 msec and linear k-space ordering. B, AIF and MP planes prescription with 
respect to a four-chamber plane. C, Fivefold-accelerated latticelike k-space sampling pattern sampling 38 k-space lines with higher density at the center of the k-space. Left: 
AIF acquisition with centric k-space ordering. Right: TS acquisition with linear k-space ordering. In region 1, the central k-space line is always sampled (R = 1). In region 2, the 
next 10 k-space lines (five above, five below) outward from the central line are sampled (R = 2). In region 3, the next 16 k-space lines (eight above, eight below) outward 
from region 2 are sampled (R = 4). In region 4, the next 20 k-space lines (10 above, 10 below) outward from region 3 are sampled (R = 5). In region 5, the remaining 143 
k-space lines (72 above, 71 below) outward from region 4 are sampled (R = 6). This latticelike k-space sampling pattern achieves incoherence by varying density along 
ky, while ensuring that every k-space line is sampled at least once through time for improved self-calibration of coil sensitivities. ECG = electrocardiogram, Mz = longitudinal 
magnetization, T1W = T1-weighted.

MRI Hardware
Patient imaging was performed with two identical whole-body 
1.5-T MRI scanners (Avanto; Siemens Healthineers, Erlangen, 
Germany) equipped with a gradient system capable of achiev-
ing a maximum gradient strength of 45 mT/m and a slew rate 
of 200 T/m/sec. Radiofrequency excitation was performed by 
using the body coil, and signal reception was achieved by using 
a body matrix and spine array coils with up to 18 coil elements.

Pulse Sequence
We modified a wideband cardiac pulse sequence (8) to sample 
one AIF plane (14) and at least three MP planes per heartbeat 
(ie, dual imaging), as shown in Figure 1. Relevant imaging pa-
rameters of the fivefold-accelerated wideband cardiac perfusion 
pulse sequence included the following: repetition time msec/
echo time msec, 2.75/1.4; field of view, 400 3 400 mm; acqui-
sition matrix, 192 3 192; in-plane resolution, 2.1 3 2.1 mm; 
slice thickness, 8 mm; symmetric echo readout; receiver band-
width, 744 Hz per pixel; electrocardiographic triggering every 
heartbeat; 38 k-space lines per image; readout duration, 104.5 
msec; AIF scan time including saturation pulse and magnetiza-

Insurance Portability and Accountability Act. All participants 
provided written informed consent. See Table E1 (supplement) 
for patient characteristics, including risk factors for myocardial 
ischemia and device types.

Experiment 2: Retrospective Comparison with Prior Wideband 
Perfusion Cardiac MRI in Control Patients with a CIED
To evaluate the incremental improvement, or lack thereof, 
in image quality of fivefold-accelerated wideband perfusion 
cardiac MRI using CS over the previously described twofold-
accelerated wideband perfusion cardiac MRI using temporal 
generalized autocalibrating partially parallel acquisition (8), we 
identified 10 consecutive patients with a CIED (five men, five 
women; median age, 57.7 years; IQR, 9.0 years) who under-
went a previously described wideband cardiac perfusion car-
diac MRI examination as part of a clinical cardiac MRI pro-
tocol for quality control evaluation. This retrospective study 
was approved by the institutional review board and was com-
pliant with the Health Insurance Portability and Accountabil-
ity Act. See Table E1 (supplement) for a summary of patient 
characteristics.

http://radiology-cti.rsna.org
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pulse to convert the signal to gadolinium concentration using 
the Bloch equation describing saturation recovery (18) and fast 
water exchange condition (19).

In experiment 1, for each patient, we acquired an AIF at a 
basal short-axis plane and three to five MP scans (depending on 
heart rate) spanning from the base to the apex per heartbeat. 
Each perfusion scan was conducted with administration of gado-
butrol (0.1 mmol/kg, Gadavist; Bayer Healthcare Pharmaceuti-
cals, Whippany, NJ) via antecubital intravenous injection using 
a power injector at a rate of 5 mL/sec followed by injection of 20 
mL of saline at a rate of 5 mL/sec. Gadobutrol with a 1-mol/L 
concentration was diluted with an equal volume of saline to re-
duce T2* decay and signal clipping in the left ventricular cavity 
at peak blood enhancement. All perfusion scans were performed 
during shallow free breathing for patient comfort. In experiment 
2, for each retrospective patient with a CIED, previously de-
scribed wideband perfusion cardiac MRI was conducted using 
the same gadobutrol protocol described previously.

Image Reconstruction
A schematic of the image reconstruction and processing pipe-
line is shown in Figure 2. For clinical translation, this recon-
struction pipeline was integrated with our MRI scanners and 
picture archiving and communication system using the Yarra 
framework (http://yarraframework.com/), which is a user-
friendly software program that automatizes the transfer of the 
MRI raw k-space data to an external server for offline image 
reconstruction. For this project, we established a fast ethernet 
connection to transfer raw k-space data from the MRI scanner 
to the GPU server (V100 Tesla GPU with 16-GB memory; 
NVIDIA, Santa Carla, Calif ) equipped with Matlab software 
(R2018b; MathWorks, Natick, Mass) running on a Linux 
operating system (Ubuntu16.04; http://releases.ubuntu.
com/16.04/). This framework also supported uploading previ-
ously obtained raw k-space data into the vendor’s integrated 
reconstruction computer, from which the raw data can be 
transferred to the GPU server in the exact same manner as if 
the data were acquired directly from the MRI scanner. After 
completing the reconstruction task, the reconstructed images 
in Digital Imaging and Communications in Medicine format 
were sent directly to the picture archiving and communication 
server and were retrieved later for analysis. To accelerate the 
reconstruction time, we applied coil compression by a factor of 
two using principal component analysis (PCA) (20) and used 
the gpuArray functionality in Matlab. Multicoil CS recon-
struction was performed by enforcing sparsity along the time 
dimension using temporal total variation and temporal PCA as 
two orthogonal sparsifying transforms and nonlinear conjugate 
gradient with back-tracking line search as the optimization al-
gorithm with 27 iterations. Normalized regularization weight 
for temporal total variation and PCA was set as 0.75% of the 
maximum signal of time average image based on visual inspec-
tion of image quality on training data, as previously described 
(16). In this study, we recalibrated the maximum signal for 
each iteration because our preliminary analysis showed that 
this approach converged faster than otherwise (data not known 
because of space constraints). We established 0.75% as an opti-

tion recovery, 137.5 msec; AIF scan saturation-recovery time 
to the center of k-space acquisition (TS), 20 msec; MP scan 
time including saturation and magnetization recovery, 147.5 
msec; MP scan TS, 82 msec; flip angle, 15°; repetitions, 65; 
B1-insensitive train to obliterate signal (BISTRO) saturation 
pulse duration, 18 msec; BISTRO excitation full width at half 
maximum, 9.1 kHz (8); and specific absorption rate, less than 
2.0 W per kilogram of body weight (15). Total scan time for 
sampling one AIF plane and three MP planes per heartbeat, 
including saturation pulse and magnetization recovery time, 
was 580 msec, which supported a heart rate as high as 102 
beats per minute. Relevant imaging parameters of the previ-
ously described twofold-accelerated wideband perfusion pulse 
sequence with temporal generalized autocalibrating partially 
parallel acquisition used the same aforementioned parameters, 
with the following exceptions: 2.4/1.0; field of view, 400 3 
300 mm; acquisition matrix, 192 × 144; 72 k-space lines per 
image; readout duration, 172 msec; TS, 107 msec; and one 
MP plane per heartbeat (because these scans were obtained for 
quality control).

As shown in Figure 1, we used a fivefold-accelerated lattice-
like Cartesian k-space sampling pattern with variable density 
in five regions. In region 1, the central k-space line is always 
sampled. In region 2, the next 10 k-space lines (five above, five 
below) outward from the central line are sampled with an ac-
celeration factor (R) of 2. In region 3, the next 16 k-space lines 
(eight above, eight below) outward from region 2 are sampled 
with an R of 4. In region 4, the next 20 k-space lines (10 above, 
10 below) outward from region 3 are sampled with an R of 
5. In region 5, the remaining 143 k-space lines (72 above, 71 
below) outward from region 4 are sampled with an R of 6. This 
latticelike k-space sampling pattern achieved incoherence by 
varying density along the phase-encoding direction, while en-
suring that every k-space line was sampled at least once through 
time for improved self-calibration of coil sensitivities. For pre-
liminary analysis comparing an American College of Radiology 
phantom result between the proposed random Gaussian and 
Poisson disc k-space sampling patterns, see Figure E1 (supple-
ment). Although prior CS-accelerated cardiac perfusion stud-
ies (9–11,16) reported an R greater than 5, including some 
using radial k-space sampling patterns that were a poor fit for 
patients with a CIED, we elected to use a fivefold-accelerated 
Cartesian k-space sampling pattern to ensure that we obtained 
diagnostically acceptable image quality and resting MBF values 
in patients with a CIED that were consistent with resting MBF 
values reported in the literature.

For the AIF scan, we used a TS of 20 msec and centric k-
space ordering to maintain a quasilinear relationship between 
signal and high concentration of gadolinium expected in the 
left ventricular cavity at the expense of high-pass filtering effects 
at peak blood enhancement associated with centric ordering in 
saturation recovery of magnetization (17). For the MP scan, we 
used a TS of 82 msec and linear k-space ordering to relatively 
high signal-to-noise ratio. Other than k-space ordering, both 
AIF and MP scans used the same k-space sampling pattern (Fig 
1). We acquired two proton density–weighted images with a 
4-second delay between the two by not playing the saturation 

http://radiology-cti.rsna.org
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sus to calibrate their scores. The two readers were blinded 
to each other’s scores and the patient’s clinical history when 
they graded the images. Per category, each reader gave one 
composite score representing a set of three short-axis planes 
for CS images. Summed visual score (SVS) was computed 
by adding the three individual scores, with nine defined as 
clinically acceptable. We used average reader scores for sta-
tistical analysis.

MBF Quantification
One investigator (K.P.H.) performed image processing (mo-
tion correction) and analysis to quantify MBF. As a first step, 
each CS-reconstructed perfusion time series was processed 
with custom software that was validated previously for au-
tomated motion correction (23). After motion correction, 
T1-weighted images were normalized with the proton den-
sity–weighted images to correct for the unknown equilibrium 
magnetization and to convert normalized signal to gadolin-
ium concentration (18) by assuming the longitudinal relaxiv-
ity of gadobutrol was 5.3 and 5.2 mM-1·sec-1 for the blood 
and myocardium, respectively (24). Native myocardial and 
blood T1 values were measured from unenhanced data (ie, 
the first T1-weighted image before contrast material arrival). 
For AIF, the signal-time curves were derived by manually 
drawing a region of interest inside the left ventricular cavity. 
A Fermi function (25) was assumed to be the transfer func-
tion to deconvolve the MP gadolinium-time curves with AIF 
for calculation of MBF on a pixel-by-pixel basis. To speed 

mal value by sweeping over a range from 0.25% to 2% (0.25% 
steps) and identifying the highest regularization weight that 
minimized temporal blurring of voxels in the heart and distor-
tion of the signal-time curves in the left ventricular cavity (ie, 
AIF). For general details on the CS reconstruction, please see 
Naresh et al (16) Feng et al (21), and Haji-Valizadeh et al (22).

Visual Scores of Image Quality
Visual analysis was based on the raw image series. Sixty rest 
perfusion data sets (three short-axis planes per patient, 20 
patients) obtained with the proposed CS scan were mixed 
with the 10 existing data sets (one plane per patient, 10 
retrospective patients with a CIED) obtained with a previ-
ously described scan, randomized, and deidentified for in-
dependent evaluation by two readers (noninvasive cardiolo-
gists with 17 [D.C.L.] and 8 [B.H.F.] years, respectively, 
of clinical experience with cardiac MRI) using a five-point 
Likert scale for the following three categories: conspicuity 
of wall enhancement (1, nondiagnostic; 2, poor; 3, clini-
cally acceptable; 4, good; 5, excellent) and noise and artifact 
levels (1, nondiagnostic; 2, severe; 3, moderate; 4, mild; 5, 
minimal). For the conspicuity score, readers were instructed 
to focus their evaluation on evaluable myocardial segments. 
For the noise score, readers were instructed to evaluate the 
entire image. For the artifact score, readers were instructed 
to examine all types (CIED, reconstruction, motion) of ar-
tifacts on the heart. Prior to independent blinded review, 
training data sets were scored by both reviewers in consen-

Figure 2: Schematic drawing of the integrated image reconstruction pipeline using the Yarra framework. Aliasing artifacts on arterial input 
function (AIF) and myocardial perfusion (MP) zero-filled images are removed using a compressed sensing (CS) framework with temporal total 
variation (TTV) and temporal principal component analysis (TPCA) as two orthogonal sparsifying transforms. After completing the reconstruction 
task, the resulting images in Digital Imaging and Communications in Medicine (DICOM) format were sent directly to the picture archiving and 
communication system (PACS) server. Fu = fast Fourier transform operation, l = normalized regularization weight, x = images to be recon-
structed, y = k-space, ψ1 = temporal finite difference (TTV), ψ2 = temporal PCA.

http://radiology-cti.rsna.org
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up data processing, MBF quantification was restricted to a 
smaller field of view that encapsulated the heart. For more de-
tails on MBF quantification, please see Naresh et al (16). To 
calculate mean resting MBF per plane, endo- and epicardial 
contours were manually segmented on a motion-corrected 
image at peak blood enhancement. For patients, the corre-
sponding clinical wideband late gadolinium enhancement  
(5) images were identified by using anatomic landmarks and 
were used to exclude regions showing scars because the goals 
of this study were to quantify resting MBF in remote zones 
and to compare values between patients with a CIED and 
patients with no device (control group) and against resting 
MBF values in the literature.

Statistical Analysis
One investigator (K.P.H.) conducted the statistical analysis. 
Given the small sample size (n = 10 per group, three groups), 
we assumed nonnormal distribution and compared the three 
groups using the Kruskal-Wallis test, with Bonferroni correc-
tion for each pair. P < .05 was considered to indicate a signifi-
cant difference for each statistical test. A sample size of 30 (10 
per group) was needed to conduct a Kruskal-Wallis test with α 
= 0.05, power of 0.8, and effect size of 0.69 or more (ie, large). 
This power calculation was estimated assuming normal distri-
bution (ie, analysis of variance) and adding 15% to the sample 
size, as previously described (26).

Results
The proposed pulse sequence on average sampled one AIF 
plane and 3.6 MP planes per heartbeat in patients with a 
CIED (median heart rate, 65.0 beats per minute; median co-
efficient of variation in R-R interval, 7.2%), in whom zero 
heartbeats were skipped as a result of incoming (true or false) 
R wave detection prior to completion of multislice data ac-
quisition. For reference, the same pulse sequence on average 
sampled one AIF plane and 3.8 short-axis planes per heart-
beat in patients with no device (median heart rate, 67.5 beats 
per minute; median coefficient of variation in R-R interval, 
6.2%), in whom zero heartbeats were skipped as a result of 

incoming (true or false) R wave detection prior to completion 
of multislice data acquisition. For additional details on aver-
age R-R intervals and skipped heartbeats for all 20 patients, 
see Table E2 (supplement). The mean CS reconstruction time 
was 1 minute 40 seconds per slice ± 0.08 (standard deviation) 
(74 slices total).

Figure 3 shows representative resting perfusion images in (a) a 
patient with a CIED obtained using the proposed sequence, (b) 
a patient with no device obtained using the proposed sequence, 
and (c) a retrospective control patient with a CIED obtained us-
ing a previously described sequence (see Movie 1 [supplement] 
for dynamic display). Figure 4 shows representative perfusion 
images in a patient with a CIED and a patient with no device be-
fore and after motion correction (see Movies 2, 3 [supplement] 
for dynamic display), demonstrating good performance with the 
motion correction algorithm (23). Figure 5 shows representative 
motion-corrected images at peak wall enhancement in a patient 
with a CIED without any perfusion defects (see Movie 4 [sup-
plement] for dynamic display), as well as the corresponding AIF 
curve, resting MBF maps at three short-axis planes, and match-
ing wideband LGE images corroborating normal perfusion 
with normal myocardial viability. Figure 6 shows representative 
motion-corrected images at peak wall enhancement in a patient 
with a subcutaneous ICD with cardiac sarcoidosis (see Movie 5 
[supplement] for dynamic display), as well as the correspond-
ing AIF curve, resting MBF maps at three short-axis planes, 
and matching wideband LGE images corroborating perfusion 
defects with regions of LGE. For dynamic display of images in 
a patient with a CIED with the most arrhythmia in our cohort, 
see Movie 6 (supplement).

As summarized in Table 1, for the average reader, the median 
conspicuity scores of wall enhancement, artifact, noise, and SVS 
were significantly different (P < .05) between the three groups 
(see symbols for specific pairs with a significant difference). All 
three patient groups produced median conspicuity, artifact, 
noise, and SVS scores above the clinically acceptable cutoff 
points (3.0 for conspicuity, artifact, and noise; 9.0 for SVS), 
except for the retrospective CIED the median artifact score was 
below 3.0. For statistical trends for readers 1 and 2, see Table 1.

Figure 3: Representative perfusion images in (left) a patient with a cardiac implantable electronic device (CIED) obtained using the 
proposed pulse sequence, (middle) a patient with no device obtained using the proposed pulse sequence, and (right) a retrospective patient 
with a CIED obtained using the previously described pulse sequence. All three cases are shown together in Movie 1 (supplement). CS = com-
pressed sensing, PI = temporal generalized autocalibrating partially parallel acquisition parallel imaging, R = acceleration factor.
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As summarized in Table 2, median AIF was not significantly 
different (P > .99) between the CIED group (7.7 mM; IQR, 
2.8 mM) and patients with no device (7.9 mM; IQR, 1.3 mM). 
Median resting MBF was not significantly different (P = .27) 
between the CIED (1.1 mL/min/g; IQR, 0.2 mL/min/g) and 
patients with no device (1.3 mL/min/g; IQR, 0.4 mL/min/g); 
median resting MBF values in remote zones were consistent with 
values (mean resting MBF range, 1.0–1.2 mL/min/g) reported 
by two prior state-of-the-art perfusion cardiac MRI studies 
(27,28).

Discussion
This study described development and evaluation of a fivefold-
accelerated wideband cardiac perfusion pulse sequence with 
CS reconstruction for producing diagnostically acceptable im-
age quality with relatively high spatial resolution (2.1 3 2.1 
mm) and adequate myocardial coverage (three MP planes per 
heartbeat with heart rates as high as 102 beats per minute) and 
for reliably quantifying MBF in patients with a CIED. The 
resulting image quality was deemed clinically acceptable by ex-
pert readers with clinical experience reading perfusion cardiac 

MRI scans. The resting MBF values in remote zones were not 
significantly different between patients with a CIED and those 
with no device, suggesting that the proposed method enabled 
reliable quantification of MBF. Our findings were also consis-
tent with resting MBF values reported in two prior perfusion 
cardiac MRI studies (27,28).

This study had several interesting points. First, our results 
showed that the proposed perfusion pulse sequence enabled 
detection of resting perfusion defects in patients with a CIED 
(even subcutaneous ICD, as shown in Figure 6), which were 
corroborated with the corresponding wideband LGE images. A 
future study including the proposed perfusion pulse sequence in 
concert with wideband LGE and coronary angiography is war-
ranted to investigate the prevalence of this finding in patients 
with a CIED. Second, peak AIF and resting MBF values in this 
study were consistent with those reported by prior perfusion car-
diac MRI studies in patients with no device. Specifically, mean 
peak AIF of 8.0 mM (CIED and no device groups combined, n 
= 20) after gadobutrol administration (0.1 mmol/kg) was con-
sistent with the mean peak AIF of 4.4 mM after gadobutrol ad-
ministration (0.05 mmol/kg) described by Kellman et al (27). 

Figure 4: Compressed sensing−reconstructed arterial input function (AIF) and myocardial perfusion (MP) images before and after motion correc-
tion (MOCO) in a patient with no device and a patient with a CIED. Intensity-time profiles show a reduction of respiratory motion after motion correc-
tion. See also Movies 2 (nondevice) and 3 (CIED) (supplement). Note the small signal void (arrow) caused by intracardiac leads. 
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The small discrepancy in peak AIF may have been the result of 
the lack of T2* correction in our study, variations in cardiac out-
put, and nonexact dosing by MRI technologists in a busy clinical 
practice. Third, we elected to use a Cartesian k-space sampling 
pattern, even though non–Cartesian k-space sampling patterns 
may have produced better results in patients with no device be-
cause non–Cartesian k-space sampling patterns were known to 
produce considerable image blurring in an off-resonant environ-
ment produced by CIEDs. We conducted a preliminary phan-
tom experiment with a CIED taped to its side and verified it 
to be the case (data not shown because of space constraints). 
Although it was possible to obtain a static magnetic field map 
and deblur the radial k-space data, such an approach would have 
required additional scanning and image processing and would 
have resulted in a slowdown of the overall workflow. Fourth, 
prior cardiac perfusion sequences with dual imaging (14,27,29) 
were used to obtain the AIF data with low spatial resolution and 
short TS. In this study, the sequence enabled us to obtain AIF 
data with the same spatial resolution as the wall image but with 
a shorter TS. When compared with low-spatial-resolution AIF, 
the relative advantages of the high-spatial-resolution AIF image 
were that it reduced intravoxel dephasing (T2* decay) and im-
proved visualization of endocardial borders, whereas the relative 
disadvantage was a longer scan time. We partially addressed the 
scan time issue by accelerating AIF data acquisition by a fac-
tor of five. Fifth, our sequence used centric k-space ordering for 
AIF scans and linear k-space ordering for MP scans. Although 

centric k-space ordering induced higher eddy currents than lin-
ear k-space ordering, their effects were relatively minor in our 
pulse sequence using gradient echo readout with 15° flip angles 
(Figs 5, 6). Sixth, as shown in Figure 6, we obtained perfusion 
images and the resulting MBF maps in a patient with a subcu-
taneous ICD, which is approximately twice as large as a transve-
nous ICD and located closer to the heart. Despite some signal 
loss in the lateral wall of the basal and midventricular short-axis 
planes, our method revealed atypical perfusion defects in unaf-
fected areas (by subcutaneous ICD) that correlated well with 
the corresponding wideband LGE images. A future study in a 
diverse group of patients with subcutaneous ICDs is warranted 
to evaluate the robustness of our method with respect to subcu-
taneous ICDs. Seventh, the proposed CS-accelerated wideband 
perfusion pulse sequence yielded better image quality than did 
the previously described wideband perfusion pulse sequence in 
different CIED cohorts. This difference may be the result of 
improved image quality afforded by CS (ie, denoising, shorter 
readout duration to minimize sensitivity to motion or arrhyth-
mia, or both) or because of differences in the CIED types and 
implantation position relative to the heart and pathophysiology 
(arrhythmia, breathing motion) among CIED cohorts.

This study had several limitations that warranted further 
discussion. First, we did not obtain perfusion scans during va-
sodilator stress. A previous study showed the safety of conduct-
ing stress perfusion cardiac MRI in a patient with a CIED (30). 
A future study is warranted to determine whether the proposed 

Figure 5: Row 1: Motion-corrected arterial input function (AIF) (column 1) and myocardial perfusion (MP) images (columns 2–4) in a patient 
with a cardiac implantable electronic device (CIED) without perfusion defects. Row 2: AIF curve (column 1) and resting myocardial blood flow (MBF) 
maps in three short-axis planes (columns 2–4). Row 3: Wideband late gadolinium enhancement (LGE) images (columns 1–4) corroborating normal 
perfusion with normal myocardial viability. See also Movie 4 (supplement). a.u. = arbitrary units, Gd = gadolinium.
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Table 1: Summary of Visual Scores Assessed by Two Clinical Readers

Reader and Category CIED (n = 10) Nondevice (n = 10) Retro CIED (n = 10)
Reader 1
 Conspicuity of wall enhancement 5 (1) 4.5 (1) 4 (0.8)
 Artifact level 4 (1.8) 4.5 (1)* 2 (2.5)*
 Noise level 4.5 (1) 4.5 (1) 4 (1.5)
 SVS 13 (5)† 14 (1)* 10.1 (2.2)*†

Reader 2
 Conspicuity of wall enhancement 5 (1) 4 (0.8) 4 (0)
 Artifact level 4 (1.8)† 5 (0)* 2 (0.8)*†

 Noise level 4.5 (1)† 4 (0) 3.5 (2.5)†

 SVS 13 (4)† 13 (1)* 8.6 (2.5)*†

Average reader
 Conspicuity of wall enhancement 4.5 (0.5)† 4.5 (0.4) 4 (0.5)†

 Artifact level 4 (1.8)† 4.8 (0.5)* 2 (0.9)*†

 Noise level 4.5 (1.0)† 4.3 (0.5) 4 (1.3)†

 SVS 13 (3.8)† 13.5 (0.9)* 9 (0.9)*†

Note.—Data are medians, and data in parentheses are the interquartile range. Conspicuity of wall enhancement: 1 = nondiagnostic; 2 = 
poor; 3 = clinically acceptable; 4 = good; 5 = excellent. Noise and artifact scores: 1 = nondiagnostic; 2 = severe; 3 = clinically acceptable; 4 = 
mild; 5 = minimal. For summed visual scores (SVS), clinically acceptable is 9. CIED = cardiac implantable electronic device, retro CIED = 
retrospective CIED control.
* P < .05 for nondevice versus retro CIED.
† P < .05 for CIED versus retro CIED.

Figure 6: Row 1: Motion-corrected arterial input function (AIF) (column 1) and myocardial perfusion (MP) (columns 2–4) images in a patient with 
a subcutaneous implantable cardioverter-defibrillator (S-ICD) show atypical perfusion defects and late gadolinium enhancement (LGE) associated 
with cardiac sarcoidosis. Row 2: AIF curve (column 1) and resting myocardial blood flow (MBF) maps in three short-axis planes (columns 2–4). Row 3: 
Wideband LGE images (columns 2–4) corroborating perfusion defects in regions of LGE. See also Movie 5 (supplement). Note the perfusion defects 
(green arrows) on perfusion images and MBF maps, corresponding hyperenhancement (blue arrows) on wideband LGE images, and signal voids 
(magenta arrows) induced by S-ICD. Regions associated with signal voids need to be interpreted with caution. Wideband saturation pulse had a full 
width at half maximum (FWHM) of 9.2 kHz. Wideband inversion pulse had an FWHM of 4 kHz. a.u. = arbitrary units, Gd = gadolinium.
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pulse sequence yields diagnostically acceptable image quality 
and quantifies MBF during stress in patients with a CIED. 
Second, we did not obtain reference MBF measurements in pa-
tients with a CIED because to date there are no other perfusion 
cardiac MRI methods that are capable of quantifying MBF in 
patients with a CIED without substantial image artifacts asso-
ciated with CIEDs. Instead, we used patients with no device as 
the control group and compared our results with resting MBF 
values reported in two leading quantitative perfusion cardiac 
MRI studies (27,28). Third, we did not obtain radiographic 
angiography data to corroborate the perfusion data. A future 
study is warranted to correlate stress perfusion data with ra-
diographic angiography in patients with a CIED. Fourth, the 
mean image reconstruction time was 1 minute 40 seconds per 
slice. Although this reconstruction time may be clinically ac-
ceptable in the context of first-pass cardiac perfusion cardiac 
MRI because it cannot be repeated, regardless of success or 
failure, a future study is warranted to explore a faster image 
reconstruction pipeline, including deep learning (31). Fifth, 
as shown in Figure 6, there was substantial signal loss in the 
lateral wall because of intravoxel dephasing caused by a subcu-
taneous ICD, which was twice as large as a transvenous ICD 
and was located closer to the heart. One approach to minimize 
signal loss is to use a shorter echo time, which is attainable us-
ing the following combination: increased receiver bandwidth, 
shorter excitation radiofrequency pulse, and asymmetric echo 
readout, at the expense of signal-to-noise ratio or Gibbs ring-
ing artifacts. Sixth, this study examined only 10 patients with 
a CIED because our clinical cardiac MRI volume for patients 
with a CIED was considerably lower compared with patients 
with no device. The 10 patients with a CIED (including one 
with a subcutaneous ICD) enrolled in this study did not fully 
represent a variety of implantation configurations in patients. 
Although the diagnostically acceptable image quality produced 

in a patient with a subcutaneous ICD was encouraging, our 
results may not be generalizable for all devices and body habi-
tus types. A future study, including a large patient cohort with 
a variety of devices and body habitus types, is needed to fully 
test the performance of the proposed perfusion cardiac MRI 
pulse sequence. Seventh, this study did not account for the 
signal loss associated with T2* decay, particularly for the AIF, 
in which a high concentration of the gadolinium-based con-
trast agent (range, 5–10 mM) was expected. One approach to 
further increase accuracy was to obtain AIF data with double 
echoes, calculate T2*, and analytically correct it (27). Eighth, 
we elected to use a fivefold-accelerated Cartesian k-space sam-
pling pattern to ensure that we obtained diagnostically accept-
able image quality and resting MBF values from patients with a 
CIED that agreed with resting MBF values in the literature. In 
the same vein, we used temporal total variation and temporal 
PCA as two orthogonal sparsifying transforms. A future study 
is warranted to investigate an optimal set of k-space sampling 
pattern, acceleration factor, and sparsifying transforms for op-
timization of a quantitative wideband perfusion cardiac MRI 
pulse sequence.

In summary, this study showed that a fivefold-accelerated 
wideband cardiac perfusion pulse sequence with CS reconstruc-
tion was capable of producing clinically acceptable image quality 
in three short-axis planes per heartbeat and reliably quantifying 
MBF in patients with a CIED with heart rates as high as 102 
beats per minute. Future work includes a study aimed at evaluat-
ing the diagnostic accuracy of the proposed stress-rest protocol 
for detecting coronary artery disease in patients with a CIED 
against radiographic angiography.

Author contributions: Guarantor of integrity of entire study, D.K.; study con-
cepts/study design or data acquisition or data analysis/interpretation, all authors; 
manuscript drafting or manuscript revision for important intellectual content, all 
authors; approval of final version of submitted manuscript, all authors; agrees to 
ensure any questions related to the work are appropriately resolved, all authors; lit-

Table 2: Summary of Peak AIF and Resting MBF in Remote Zones for 10 Patients with a CIED and 10 Patients without a 
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MBF (mL/min/g) 1.1 (0.2) 1.3 (0.4) .27

B: Previous Studies

Study and Patient Type MBF (mL/min/g)
Kellman et al (22)
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Hsu et al (23)
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 CAD negative 1.2 ± 0.4 
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Note.—Arterial input function (AIF) and myocardial blood flow (MBF) values from our study are the median, with interquartile range in 
parentheses. MBF values from prior studies are mean ± standard deviation. CAD = coronary artery disease, CIED = cardiac implantable 
electronic device.
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