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ABSTRACT
Perfusion cardiac MRI (CMR) is a radiation-free and non-
invasive imaging tool which has gained increasing interest for
the diagnosis of coronary artery disease. However, resolution
and coverage are limited in perfusion CMR due to the neces-
sity of single snap-shot imaging during the first-pass of a con-
trast agent. Simultaneous multi-slice (SMS) imaging has the
potential for high acceleration rates with minimal signal-to-
noise ratio (SNR) loss. However, its utility in CMR has been
limited to moderate acceleration factors due to residual leak-
age artifacts from the extra-cardiac tissue such as the chest
and the back. Outer volume suppression (OVS) with leakage-
blocking reconstruction has been used to enable higher ac-
celeration rates in perfusion CMR, but suffers from higher
noise amplification. In this study, we sought to augment OVS-
SMS/MB imaging with a regularized leakage-blocking recon-
struction algorithm to improve image quality. Results from
highly-accelerated perfusion CMR show that the method im-
proves upon SMS-SPIRiT in terms of leakage reduction and
split slice (ss)-GRAPPA in terms of noise mitigation.

Index Terms— Magnetic resonance imaging, parallel
imaging, accelerated MRI, simultaneous multi-slice imaging,
outer volume suppression, myocardial perfusion

1. INTRODUCTION

Coronary artery disease (CAD) is the leading cause of death
in the US, accounting for one in six deaths [1]. CAD is
clinically diagnosed based on invasive methods. Obtaining
fractional flow reserve (FFR) measurements is currently con-
sidered the gold-standard [2]. However, invasive procedures
have associated risks and costs. Myocardial perfusion cardiac
MRI (CMR) has gained interest for functional assessment of
stenosis [3]. A recent study has shown that CMR is associated
with less revascularization and is noninferior to invasive FFR
measurements [4]. However, long acquisition times remain a
major hindrance for perfusion CMR, necessitating trade-offs
between spatio-temporal resolution and coverage.

Perfusion CMR is acquired using single snap-shot imag-
ing during the pass of a contrast agent to assess myocardial

blood flow and to detect ischemia [5]. Since all the k-space
data needs to be acquired in a short temporal window, resolu-
tion and coverage are limited even though acceleration tech-
niques are utilized clinically. Low resolution causes inaccu-
rate assessment of perfusion abnormalities due to dark rim ar-
tifacts, while limited coverage may result in missed regions of
relevance in microvascular disease [5]. Simultaneous multi-
slice (SMS) imaging has gained interest in CMR as a means
for improving coverage with minimal SNR loss [6]. Com-
pared to other parallel imaging techniques, the only SNR loss
in SMS imaging is due to coil geometry [7]. However, leak-
age artifacts from the back and chest wall limit the accelera-
tion rates in CMR [6].

To enable higher SMS factors, OVS methods have been
proposed in perfusion CMR [8, 9], where spatially selective
pulses are used to suppress extra-cardiac tissue. The removal
of such unwanted signal enables higher SMS factors, as well
as additional in-plane acceleration [8]. However, perfusion
CMR with these ultra-high acceleration factors (combining
SMS with additional in-plane acceleration) suffers from noise
amplification, especially when leakage-blocking reconstruc-
tion techniques are utilized [10].

In this work, we sought to improve the image quality
of OVS-prepared SMS perfusion CMR using a regularized
leakage-blocking SMS reconstruction algorithm, building
on our earlier work [11, 12]. The proposed acquisition and
reconstruction were evaluated on perfusion CMR, and com-
pared to split slice (ss)-GRAPPA [10] and SMS-SPIRiT
[13, 14].

2. METHODS

2.1. Imaging Experiments

Imaging was performed at 3T in a healthy subject. The study
was approved by our institutional review board. Written in-
formed consent was obtained. First-pass myocardial imaging
was performed on the healthy subject with injection of 0.05
mmol/kg gadobutrol (Gadovist) at 4mL/s followed by a 10-
mL saline flush.

Figure 1a depicts the sequence diagram of the OVS-SMS



Fig. 1: a) Sequence diagram for the proposed OVS-SMS perfusion sequence. Sum of 3 sinc-pulses at different center frequencies are utilized
for SMS GRE imaging. In each heart beat, 3 imaging slice sets (9 slices overall) are acquired with interleaved OVS pulses. To simultaneously
saturate signals from the chest and back, two slab-selective OVS pulses are combined into a multiband OVS pulse. These rest slabs are
shown with maroon rectangles for short-axis view. The resulting signal intensity after OVS is depicted underneath. b) A schematic of the
proposed regularized reconstruction algorithm in Equation 1. Blue box represents the data consistency term with the acquired SMS k-space
data. Red box represents the ss-GRAPPA consistency, providing noisy but reliable estimates of the individual k-spaces. Green box represents
the SPIRiT self-consistency, which enforces coil self-consistency for each slice.

perfusion CMR. A saturation-prepared GRE sequence was
used with SMS factor = 3. The three slices were simultane-
ously excited with controlled aliasing [7] , where 2π/3 phase
shifts were utilized to reduce noise amplification. Three sets
of SMS-accelerated slices were acquired for a total of 9 slices,
covering the whole heart. OVS was performed with a multi-
band combination of two slab-selective single band saturation
pulses. These two parallel slabs were utilized in phase encode
direction to suppress signal from chest wall and back simul-
taneously. Owing to the low specific absorption rate and du-
ration of these OVS pulses, they were interleaved within the
imaging window between every 9 imaging pulses [8].

Following imaging parameters were used: SMS factor
= 3, in-plane acceleration = 4, partial Fourier 6/8 , field-
of-view (FOV) = 360×360mm2, resolution = 1.7×1.7mm2,
slice-thickness = 8mm, TR/TE/FA = 2.9/1.7ms/12o, temporal
resolution = 110ms, saturation time = 150ms, OVS mod-
ule: saturation slab = 150mm (each side), 3.8ms asymmetric
sinc, BWT = 8, RF peak shift = 15%. Calibration scan:
Non-prepared GRE with FOV = 360×360mm2, resolution =
1.7×5.6mm2, slice-thickness = 8mm, 9 slices.

2.2. Reconstruction

The acquired raw data with 3-fold SMS and 4-fold in-plane
acceleration with 6/8 partial Fourier, leading to overall 16-
fold acceleration were exported from the scanner for offline
processing. The proposed method builds on our earlier work

[11, 12]. For perfusion CMR, our method combines the ad-
vantages of ss-GRAPPA [10] in removing aliasing artifacts,
and SPIRiT [15] in enforcing self-consistency while allowing
further regularization. The proposed method enforces con-
sistency with ss-GRAPPA, which provides reliable estimates
with a cost of noise amplification, self-consistency among
coils, and consistency with acquired data, as well as using a
regularization term. A schematic description of the data con-
sistency (first term), ss-GRAPPA consistency (second term)
and SPIRiT coil self-consistency (third term) in Eq. 1 is de-
picted in Fig. 1b.

The following objective function is solved for each dy-
namic separately using ADMM:
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where m is the number of imaging sets per heartbeat (three
in our setting), n is the SMS factor (three in our setting), κj

i

is the k-space data across all coils of the ith slice of the jth



Fig. 2: The reconstructed perfusion images with 3-fold SMS/MB factor with 4-fold in-plane acceleration and 6/8 partial Fourier which is
16-fold overall acceleration is illustrated. ss-GRAPPA, SMS-SPIRiT and proposed method are utilized to reconstruct the images. Three
imaging slice sets were reconstructed with all three techniques. ss-GRAPPA shows reliable but noisy images. SMS-SPIRiT shows leakage
artifacts indicated with yellow arrows. The proposed method shows less noise without leakage artifacts.

set, PΩ is a sub-sampling operator that is a fixed uniform pat-
tern for all imaging sets in a given dynamic, κj

SMS is the ac-
quired SMS data across all coils in k-space for the jth imag-
ing set, Gj

SS is the ss-GRAPPA operator for the jth set, Gj
i is

the SPIRiT self-consistency operator for the ith slice of the jth

set, E is the concatenated SENSE-1 operator for all the nine
slices in that acquired in that dynamic/heart-beat, Ψ is a reg-
ularizer, µ, βi,j and σ are weight terms. The regularizer was
based on low-dimensional-structure self-learning and thresh-
olding (LOST), which learns and uses anatomical structures
in an image in a scan-specific manner using block matching
[16]. For regularization all the 9 slices were processed to-
gether. No temporal information was shared unlike traditional
perfusion regularization, thus avoiding any chance of tempo-
ral blurring. Furthermore, since block matching searches for
similar blocks across different slices, no explicit slice tracking
or registration is needed during regularization.

Images were reconstructed with ss-GRAPPA [10], SMS-
SPIRiT [13, 14] and the proposed regularized reconstruction.
5×5 kernels were used for all ss-GRAPPA, Gj

ss, and 7×7
kernels were used for all SPIRiT, Gj

i, which were calibrated
using the calibration scan. SMS-SPIRiT was implemented
with the following parameters: µ = 0, βi,j = 10−3 for all

i, j and σ = 10−7 times `∞ norm of the SENSE-1 images of
the slices. Proposed technique was implemented with param-
eters: µ = 10−4 , βi,j = 10−3 for all i, j and σ = 2.5 · 10−6

times `∞ norm of the SENSE-1 images of the slices.

3. RESULTS

Figure 2 shows perfusion CMR results with SMS = 3 for 3
imaging sets, for a total of 9 slices for whole heart coverage,
reconstructed with ss-GRAPPA, SMS-SPIRiT and proposed
method. SMS-SPIRiT shows visible leakage artifacts (yel-
low arrows) compared to other methods. ss-GRAPPA elimi-
nates leakage artifacts albeit at the cost of noise amplification.
Proposed method shows improved image quality compared to
SMS-SPIRiT and ss-GRAPPA with reduced noise.

4. DISCUSSION

In this study, we proposed a regularized leakage-blocking re-
construction for improving the quality of OVS-prepared per-
fusion CMR. In our previous works [11, 12], we used consis-
tency with slice-GRAPPA [17] in the proposed method. Al-
though slice-GRAPPA showed sufficient image quality at 8-



fold acceleration (SMS=3 × 2-fold in-plane× partial Fourier
6/8) [11, 12], it suffered from leakage artifacts in perfusion
CMR due to the high 16-fold acceleration factor (SMS=3 ×
4-fold in-plane × partial Fourier 6/8). Thus, in this work,
we use consistency with ss-GRAPPA instead. ss-GRAPPA
reduces leakage artifacts, albeit at the cost of higher noise
amplification. Therefore the use of improved regularization
strategies was also imperative. Regularization in perfusion
CMR is traditionally utilized across the dynamics [18, 19].
However, in such cases the regularization trade-off needs to
be carefully set in order to avoid issues related to temporal
blurring. In this work, the regularizer was applied over the
nine acquired slices at each dynamic without using tempo-
ral information. Thus, any potential temporal blurring due to
shared temporal information was avoided.

5. CONCLUSION

The combination of OVS-SMS and regularized leakage-
blocking algorithm shows promising results for highly-
accelerated perfusion CMR with improved image quality.
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