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1 | INTRODUCTION

Balanced SSFP is a rapid imaging sequence with broad use in many applications including angiography,’? musculoskeletal imaging,®* cardiac
imaging,>” cell tracking,®? interventional imaging,'®!1 and functional imaging.1213 However, its elevated sensitivity to magnetic field inhomo-
geneity causes signal voids in acquired images known as banding artifacts. This undesirable sensitivity can be alleviated by pulse sequence
designs that modify off-resonance profiles,'41¢ advanced field shimming procedures,’” or multi-acquisition phase-cycled bSSFP imaging.1®
Multiple-acquisition bSSFP has remained a common choice since it demonstrates improved reliability against field inhomogeneity!®1? and it can
additionally offer fat-water separation.20-22

In multi-acquisition bSSFP, several images with spatially nonoverlapping artifacts are jointly processed to yield an artifact-suppressed image.
A common approach for suppression is to use heuristic combinations of voxel intensities such as maximum-intensity (Ml), complex-sum (CS) and
sum-of-squares (SOS).182324 For improved performance, more sophisticated combinations were later proposed including nonlinear averaging,2®
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Abbreviations: bSSFP, balanced steady state free precession; CCP, coil-by-coil processing; CS, complex-sum; CSF, Cerebrospinal fluid;
ESM, elliptical signal model; FBS, factorized banding suppression; MI, maximum-intensity; SOS, sum-of-squares; MRI, magnetic resonance
imaging; PSNR, peak signal-to-noise ratio; ROI, region of interest; SBC, sensitivity based combination; TE, echo time; TR, repetition time.
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partial complex summation,?é and p-norm.2” These heuristic combinations are typically used when a limited number of acquisitions (N < 4) are

available.

Alternatively, the bSSFP signal model can be leveraged to estimate a banding-suppressed image. A structured method is LORE-GN that
estimates tissue parameters by solving a nonlinear least-squares problem.282? Although LORE-GN can work with down to N = 3, nonlinear
optimization can yield instability in high-signal regions. Later studies showed that the bSSFP signal follows an elliptical model across acquisitions,
and proposed geometric and algebraic methods to estimate the ellipse parameters.3%3! Despite the improved stability, methods based on
the elliptical signal model require at least N > 4 for reliable performance. This requirement is equally valid for recent techniques based on
dictionary-based estimation®? and multilayer perceptron-based (MLP) learning.3® We also note several studies with the purpose of decreasing
data acquisition time and/or the required number of phase-cycles for elliptical signal model®4-3¢; however reliable banding suppression with N < 4
remains a challenging task.

Previous artifact suppression methods primarily focused on data combination across the acquisition dimension. In naive coil-combination, coil
sensitivites are estimated on images with banding artifacts and coil combination is then performed independently for each acquisition, leading
to suboptimal artifact suppression. Meanwhile, computational burden can be elevated for coil-by-coil processing that performs acquisition
combination on each coil separately, and for joint processing that performs simultaneous acquisition-coil combination. Here we propose an
improved method based on factorized combination across the coil and acquisition dimensions. To prevent bias in coil sensitivity estimates due
to bSSFP profiles,®” the proposed method first performs a phase-preserving acquisition combination. Coil sensitivities are then estimated from
the combined data via an eigen-decomposition approach,® and used to linearly combine multi-coil multi-acquisition data across coils. Lastly, a
banding-suppressed image is obtained using an acquisition combination tailored to N. Comprehensive experiments are presented to demonstrate

the computational efficiency and reliability of the proposed method in artifact suppression compared to previous techniques.

2 | THEORY

In this paper, we consider the joint encoding model for multi-coil, multi-acquisition bSSFP images used in Ref.3” The joint encoding model casts
the bSSFP image captured by the d™ coil element in the nth phase-cycled acquisition as:

Sna(r) = Pa(nNCy(NSe(r) (1)

where r is the spatial location. P,, denotes the bSSFP sensitivity profile of the nth acquisition®?; and C, denotes the coil sensitivity profile of the d
coil element. S, denotes a target bSSFP image, with no spatial modulations due to coil or bSSFP sensitivity profiles (i.e., center of the passband
contrast assumed across the entire field-of-view). In theory, S, can be inferred given multi-acquisition multi-coil data S, ;.

Methods that aim to suppress banding artifacts in bSSFP images essentially try to estimate S,(r) given S, 4(r). The widely adopted practice for
multi-coil datasets is to first perform coil combination with estimated sensitivities*°:

(Sna(N)

V221 [(Snir) 12

where () denotes a low-spatial-frequency image reconstructed from central k-space data assuming that coil sensitivities vary smoothly, the total

Coan) = 2)

number of coils is D and number of phase-cycled acquisitions is N. Based on estimated coil sensitivities, the SNR-optimal coil combination for

each acquisition is:
2, Sna(NC; (1)

Sin =Y,

=0 2 3)
a=1 Xieq 1Chi(DI?
where * denotes the complex-conjugate operation.

The performance of coil combination depends on the accuracy of the denominator in Equation (2). However, the SOS combination in the
denominator can show signal inhomogeneity that leaks onto final bSSFP images. Furthermore, naive coil-sensitivity estimation does not consider
spatial modulations due to bSSFP profiles, so naive estimates are typically biased. Despite these limitations, the standard approach is to process
coil-combined datasets (S5(r)) to suppress banding artifacts. In the following subsections, we first summarize previous artifact suppression

techniques including intensity-, sensitivity- and model-based methods. We then introduce the proposed method.

2.1 | Intensity-Based Combination

A popular approach for artifact suppression in multi-acquisition bSSFP imaging is to perform voxel-wise combination of image intensity across
acquisitions. Intensity-based methods do not take into account the underlying bSSFP signal model, hence they can yield suboptimal performance.
However, these methods work even for relatively small number of acquisitions (N > 2), and they offer efficient computation. Among common
intensity-based methods are MI, SOS, P-norm, and CS. MI enhances artifact suppression, SOS yields near-optimal SNR, and P-norm offers a
desirable trade-off between the two (here we use p = 4 for the P-norm). Unlike these phase-insensitive methods, CS retains image phase at the

expense of signal cancellations.
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Other heuristic combination techniques are modifications of the above-mentioned methods. We refer to Ref.2% for nonlinear averaging and to

Ref.2¢ for partial complex summation methods, both of which reduce to Ml for N = 2. For brevity, we do not report these techniques in this study.

2.2 | Sensitivity-Based Combination (SBC)

An alternative to intensity-based combination is a weighted combination of multiple acquisitions where the weights are proportional to the
bSSFP sensitivity profiles. In sensitivity-based combination, data-driven estimates of bSSFP profiles are obtained from phase-cycled bSSFP
images without explicit use of analytical signal equations.?2 Here the ESPIRIT method was used for estimation with the assumption that bSSFP

sensitivites show gradual spatial variation.3 These estimates, P, (r), are then used for combination:

. o SinP;
5 = 3 0 (@)
n=1 Z;=1 |P,~(I")|2

In principle, a combination can also be performed using joint sensitivity profiles across coil and acquisition dimensions, J, 4(r) = P,(r)Cqy(r):

N D IE
S = Z Z Snd(NJ7 (1)

nd (5)
ST X 1002

Regardless of whether SBC is performed on coil-combined images or jointly across coils and acquisitions, residual inhomogeneities can bias
sensitivity estimates and result in suboptimal artifact suppression.

2.3 | Combination Based on the Elliptical Signal Model (ESM)

In contrast to SBC, model-based combination leverages an explicit analytical model of the bSSFP signal. Here we specifically consider the elliptical
signal model (ESM).%° To estimate a banding-suppressed image, ESM starts by observing the analytical signal model:

1 — A(r)e 1¢+a¢n)

Sn(D) = M) T s + Bg)

(6)

where M, A, and B are independent of ¢(r) + 4¢,, and only depend on sequence and tissue parameters; ¢(r) is phase accrued in a TR due to field
inhomogeneity; and A¢, is the phase increment of nth phase-cycle.

Given S; at N distinct increments for a voxel, ESM attempts an inverse problem to estimate the banding-free component of the bSSFP
signal. Specifically, ESM leverages the elliptical distribution of phase-cycled bSSFP signals in the complex plane.®° To estimate the banding-free
signal, the first pass solution is to identify the ellipse's cross-point and the second-pass solution is to do a weighted combination across a spatial
neighborhood of voxels. For single-coil or coil-combined acquisitions, ESM typically outperforms intensity- and sensitivity-based combinations
when N = 4 phase-cycled acquisitions are available. However, the best strategy for performing ESM on multi-coil acquisitions remains
unclear.

The original paper proposed ESM as a method for N = 4. Higher number of phase-cycles are also used in both research8%33374142 gn(
practice.*>** In this paper, we simply extend ESM to N = 8 in the following way. We perform ESM combination over all feasible subsets of 4
phase-cycles and then take the average of the resulting images for denoising. A feasible set of 4 phase-cycles means there are two pairs, and

within each pair phase-cycles have a phase difference of .

3 | METHODS

3.1 | Factorized Banding Suppression

Previous approaches for banding suppression in multi-coil datasets commonly perform a coil-combination on each acquisition independently.
This naive coil combination requires estimation of coil sensitivities from a set of images that carry additional spatial modulation from bSSFP
profiles. Thus sensitivity estimates can be biased, resulting in suboptimal artifact suppression. While individual coils can instead be processed
separately, substantial computational burden is introduced.

To achieve reliable and computationally efficient artifact suppression, here we propose a new method, factorized banding suppression (FBS)
that initially performs a complex-summation across acquisitions to suppress modulations due to bSSFP profiles in multi-coil images:

N
SN = Y 5na(r) Y

n=1
Here the complex-sum combination is preferred since it retains phase information such that subsequent acquisition combination can be
performed on complex data. The intermediate multi-coil acquisition-combined images, %, are then used to estimate a shared set of coil sensitivities
for all acquisitions.
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Since sensitivity estimates based on Equation (2) can vyield residual signal inhomogeneity, FBS employs a reference-free estimation
approach based on the eigenvalue formulation cast by the ESPIRIT method.® Given stacked multi-coil acquisition-combined images
S9(r) = [S5(r) S3(r) ... SE(n)], a self-consistency constraint*s is imposed:

[F'7TF] S°(n) = $°(r) (8)
where F is the Fourier operator, and 7 is a convolution operator estimated from central k-space data and expressed as a positive semidefinite
matrix.3® In this formulation, S? is an eigenvector of F~17_F with the eigenvalue 1. Since S°(r) = [Sy(NC1(NSe(NCa(r) ... So(r)Cp(r)], the coil
sensitivities are also eigenvectors at spatial locations:

[F~7CF],C(r) = C(n) )

where C(r) = [C1(n)Cy(r) ... Cp(r] and S,(r) # 0. Solution of Equation (9) thereby yields explicit estimates of coil sensitivities.
Once a consistent set of coil sensitivities, C,, are obtained from acquisition-combined data, the original multi-coil multi-acquisition data are
optimally combined: R
S = 3 VGl (10
a1 2y 1Gi(N)2
where S¢(r) denotes the coil-combined image for the nth acquisition. The final step is to perform acquisition combination on S to obtain a
banding-suppressed reconstruction $,.

FBS factorizes the estimation of §, into two subproblems where enhanced coil sensitivity estimates are obtained following an initial
phase-preserving acquisition combination, and then artifact suppression is achieved on the resultant coil-combined acquisitions (Figure 1). Since
it requires a single CS combination over N acquisitions, coil-sensitivity estimation for D coils, and a final acquisition combination over N images,
FBS offers improved computational efficiency compared to coil-by-coil processing.

Here we implemented several variants of FBS based on intensity-, sensitivity- and model-based combinations. For N < 4, all variants were
compared except ESM that is inapplicable. Since we observed FBS-MI to outperform alternatives in this case, for N > 4 comparisons were
restricted to FBS-MI and FBS-ESM. For FBS-SBC, bSSFP sensitivity profiles were estimated using a self-consistency formulation analogous to

estimation of coil sensitivities.3*#¢ Once estimated, these sensitives were used to combine acquisitions as in Equation (4).

3.2 | Alternative Methods

Three alternative approaches to FBS were considered: joint combination across coils and acquisitions, naive coil combination followed by
acquisition combination, and coil-by-coil processing. The full list of banding suppression methods tested here is given in Table 1 with their

acronyms for convenience.

3.2.1 | Joint Processing

Combination was performed simultaneously across the coil and acquisition dimensions. Intensity- and sensitivity-based combinations were
implemented. For intensity-based combination, variants based on MI, SOS, p-norm and CS were used (i.e., Joint-MlI, Joint-SOS etc.), where a joint
combination was performed over coils and acquisitions. For sensitivity-based combination, joint sensitivity profiles across coils and acquisitions

D coils Coil- comblned

3 nDd (r)C (7“)

d
d= 1 i= 1| Z(T)|

Phase preserving | Complex-sum Cy Actual banding ESM, MI, SOS, etc.
simple suppression | over phase-cycles suppression
Coil sensitivity
estlmatlon
Elgenvalue
- approach R
D coils D sen5|t|V|ty maps Reconstruction

FIGURE1 Flowchart of the proposed factorized-banding-suppression (FBS) method for multi-coil multi-acquisitions bSSFP datasets. To prevent
bias in coil sensitivity estimation, FBS first performs a phase-preserving acquisition combination. An eigenvalue formulation is cast to estimate a
consistent set of coil sensitivities from these acquisition-combined multi-coil data. The original multi-coil multi-acquision data are then optimally
combined across the coil dimension based on the estimated sensitivities. Finally, banding artifacts are effectively suppressed by combining

multiple acquisitions using a method tailored to the number of acquisitions (e.g., maximum-intensity for N < 4, elliptical signal modeling for N > 4)
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Processing Scheme Combination Technique Acronym TABLE1 List of Banding Suppression Methods in this Study
Factorized Banding Suppression  Intensity-based Ml FBS-MI
SOS FBS-SOS
P-norm  FBS-Pnorm
CS FBS-CS
Sensitivity-based FBS-SBC
Model-based FBS-ESM
Joint Processing Intensity-based Mi Joint-Ml
SOS Joint-SOS
P-norm  Joint-Pnorm
CS Joint-CS
Sensitivity-based Joint-SBC
Naive Processing Intensity-based Mi Naive-MlI
Model-based Naive-ESM
Coil-by-Coil Processing Intensity-based CS CCP-CS
Model-based CCP-ESM

were initially estimated via ESPIRIT as described in Ref.3” After estimation of joint sensitivities (J,4), we used the optimal linear combination
described in Equation (5) to obtain a banding-suppressed image S, (Joint-SBC). Note that ESM does not explicitly consider the coil dimension, so

no variants were considered based on model-based combination.

3.2.2 | Naive Processing

Coil combination was performed based on coil sensitivities estimated for each acquisition independently, and an acquisition combination followed.
Here we estimated coil sensitivities following the procedure described in Equation (9) to obtain coil-combined images S as in Equation (10).
Several variants were implemented that combined acquisitions based on intensity-, sensitivity- and model-based methods. It was observed that
Naive-MI outperforms other variants at N = 2, thus for N > 4 only Naive-MI and Naive-ESM were tested. Note that sensitivity estimation can

be computationally demanding for large N and D due to the size of the eigenvalue problem in Equation (9).

3.2.3 | Coil-by-Coil Processing (CCP)

Multi-acquisition data for each coil were first processed to suppress banding artifacts. The resulting coil images 33 were then combined as in
Equation (3). Note that acquisition combination methods that discard phase information would prevent accurate estimation of coil sensitivities in
the subsequent step. Thus, only two variants CCP-CS and CCP-ESM (for N > 4) were considered. CCP requires acquisition combination to be
repeated D times on N acquisitions, resulting in added computational burden compared to FBS.

4 | SIMULATIONS

Simulation-based analyses were performed to identify optimal parameters in ESPIRIT for accurate estimation of coil and bSSFP sensitivity
profiles. ESPIRIT observes that correlations across k-space samples are encoded in the null space of a matrix formed from calibration data,
and that sensitivity profiles can be estimated as the main eigenvector of a reconstruction operator obtained from this null space.3® The null
space is computed via singular value decomposition of the calibration matrix. To improve sensitivity, a threshold (”czut-off
maximum singular value is applied to mask out components with small singular values. As such, estimation of coil and bSSFP sensitivity profiles

) with respect to the

involves selection of three parameters in ESPIRIT: the calibration region size, the kernel size and the cut-off value. Here, three types of profile
estimation was performed: coil sensitivities, bSSFP sensitivities, and joint coil-bSSFP sensitivities. Parameter selection was performed for each
type separately.

Parameters were selected based on reconstructions of a simulated two-dimensional (2D) brain phantom. Simulations were performed at 0.5
mm isotropic resolution, 60° flip angle A¢ = ZnW with N = 8, and TR/TE=10.0/5.0 ms where TE is the echo time. Bivariate Gaussian
noise was added to simulated images to achieve an acquisition SNR of 20 for CSF tissue, where SNR was taken as the ratio of signal intensity
to standard deviation of noise. A main-field inhomogeneity yielding 0+62 Hz (mean = std across volume) off-resonance, and an array of D = 8
coils arranged in a circular configuration were assumed.*’ Tissue parameters were adapted from Ref.%”: 3000/1000 ms for CSF, 1200/250 ms
for blood, 1000/80 ms for white matter, 1300/110 ms for gray matter, 1400/30 ms for muscle, and 370/130 ms for fat.

For coil-sensitivity estimation, the following parameter values were examined: calibration region size € [6.6%, 12.8%] (indicating the area of

the calibration region in proportion with the area of the entire k-space grid), kernel size € [5, 13] (in units of number of k-space samples), and

2
0-cut»off

known coil sensitivities for D = 8. Coil-sensitivities were estimated from multi-coil phantom images via ESPIRIT; and a coil-combined bSSFP

€ [1073,1). A banding-free bSSFP image (i.e., with center of the passband contrast across the FOV) was simulated and multiplied with

image was obtained using the sensitivity estimates. Ideally, the coil-combined bSSFP image should be identical to the original banding-free bSSFP
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image. Thus, reconstruction quality was taken as peak signal-to-noise ratio (PSNR) between the reconstructed and original bSSFP images. PSNR
was calculated in dB as follows:

BIYIKET AL

PSNR = 10l0g 10—
E Zr:l (lso(r)l - |5ref(r)|)2

where the denominator denotes mean-squared error between the reconstructed (5,(r)) and reference (Srer(r)) images, R denotes the number of

voxels, and the maximum signal intensity is assumed to be 1. The results across the tested range of parameters are shown in Figure 2A.

(11)

For bSSFP and joint coil-bSSFP sensitivity estimations, the following parameter values were examined: calibration region size € [16%, 68%],
kernel size € [9,37], and "czut-off € [0.001,0.256]. Multi-coil phase-cycled bSSFP images were simulated for D = 8, N = 8. Sensitivity estimates
were again obtained via ESPIRIT, and then used to combine multi-coil bSSFP images. Reliability of the sensitivity estimates was assessed by
calculating the level of residual banding artifacts in the combined image. The artifact level was taken as the standard deviation of the signal
magnitude over an ideally homogeneous region of interest (ROI). Since measurementswere over-sensitive to noise in gray and white matter,
artifact levels in CSF ROlIs (o) were considered for parameter selection. The results across the tested range of parameters are shown in Fig. 2B,C.

The selected parameters for each type of profile were thereafter used in estimations of the same type, regardless of the reconstruction method.

(A) ., N S
231
m23F = =
g Z22 8
= 4 ~22
=22 1] =
A G 2 Z
A, 21 S g1
20 228 20
7 7.8 8.6 94 102 108 11.6 124 6 8 10 12 1073 102 107!
(B) 3.78 3.78 - 104
o o o 8
S S S
=2 = =
X371 X 3.77 1 X 6
N ) B 4
3.76 2 -
9 13 17 21 25 29 33 37 1073 1072 107!
14 4.5
12
15 o 44
o 10 S
o X
8 543
6 B
16 24 3 40 48 56 64 9 13 17 21 25 29 33 37 107 10?2 10!
Calibration Region Size(%) Kernel Size 2ot

FIGURE2 Coil and bSSFP sensitivity profiles are estimated using central k-space data based on three parameters: the calibration region size, the
kernel size and the cut-off value for eigenvalues. All parameters were selected to optimize the quality of coil- and acquisition-combinations
during reconstructions of a numerical brain phantom. Reconstruction quality was measured as peak signal-to-noise ratio (PSNR) between the
reconstruction and an ideal reference image. Level of residual banding artifacts was measured as the standard deviation of signal intensity across
an ideally uniform region of CSF tissue (o). A, Measurements for coil combination as in Equation (3). A relative calibration region size of 9%,
kernel size of 11 and oczut_oﬁ = 0.1 yield optimal performance for coil combination. B, Measurements for acquisition combination as in

Equation (4). A calibration region size of 64%, kernel size of 13 and ¢? = 0.032 yield optimal performance for acquisition combination.

cut-off

C, Measurements for joint combination across coils and acquisitions as in Equation (5). A calibration region size of 20%, kernel size of 33 and
"czuc-off = 0.004 yield optimal performance for joint combination. Note that, for all cases, near-optimal performance is attained for a broad range

of values across the optimum values listed above

(A) Phase-cycled bSSFP Acquisitions N=8 (B) Naive+ESM CCP+ESM FBS+ESM

AD=0 AD=T1/4 AG=T1/2 A@=311/4

AG=m AG=511/4 A@=31/2 AG=TT/4

N=4

N=8

FIGURE3 Phase-cycled bSSFP acquisitions of a homogeneous phantom were performed with D = 32 (Dataset #1). A, Individual acquisitions are

displayed after combination across the coil dimension. B, Acquisitions with N € {4,8} were reconstructed using the ESM-variants of Naive, CCP
and FBS methods.
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5 | EXPERIMENTS

Four different datasets were prepared in order to demonstrate the performance and computational efficiency of FBS framework. All acquisitions
were performed on a 3T whole-body scanner (Siemens Magnetom Trio, Ankara, Turkey) with gradients (a maximum strength of 45 mT/m and a
maximum slew rate of 200 T/m/s). A 3D Cartesian bSSFP sequence was prescribed with a flip angle of 30°, a field-of-view of 218 mm, elliptical
scanning, and N = 8 separate acquisitions with A¢ spanning [0, 2x) in equispaced intervals. Standard volumetric shimming was performed. Prior
to each phase-cycled acquisition, a start-up segment with 10 dummy TRs was used to dampen transient signal oscillations. Acquisitions for each
phantom or subject were collected sequentially without delay. Scan time per slice was 16.5 seconds for all datasets. A low readout bandwidth was
used to increase acquisition SNR. The imaging protocols were approved by the local ethics committee at Bilkent University, and all participants

gave written informed consent. The details that differ among datasets are summarized below:

e Dataset #1: bSSFP acquisitions of a homogeneous phantom with T1/T2 ~ 2 were performed using a 32-channel head coil (D = 32) with a
TR/TE of 8.08 ms/4.04 ms, a resolution of 0.85 x 0.85 x 0.85 mm?, a readout bandwidth of 201 Hz/pixel. (Please see Figure 3 for individual
phase-cycled bSSFP images of the phantom, and for reconstructions with various combination methods.)

e Dataset #2: In vivo bSSFP acquisitions of the brain from seven subjects were performed using a 12-channel head coil with a TR/TE of 8.08
ms/4.04 ms, a resolution of 0.85x0.85 x 0.85 mm?, a readout bandwidth of 199 Hz/pixel. The stock bSSFP sequences used in the experiments
performed automatic hardware compression to D = 4 channels.

e Dataset #3: In vivo bSSFP acquisitions of the knee from a single subject were performed using a 15-channel knee coil (D = 15) with a TR/TE
of 8.08 ms/4.04 ms, a resolution of 0.85 x 0.85 x 0.85 mm?, a readout bandwidth of 199 Hz/pixel.

e Dataset #4: In vivo bSSFP acquisitions of the brain from three subjects were performed using a 32-channel head coil (D = 32) with a TR/TE of
8.04 ms/4.02 ms, a resolution of 0.85 x 0.85 x 3 mm?, a readout bandwidth of 201 Hz/pixel.

In this work, we estimated coil sensitivities using an optimal linear combination, as formulated in Equation (2), following procedures in Ref.*0 A
reference image was obtained by performing FBS-ESM on bSSFP data acquired at N = 8 (observed to yield the best artifact suppression here).
To improve reliability against outliers, we performed remapping of voxel intensity values prior to PSNR measurements. The intensity values were

first linearly transformed to map the 1th — 99t percentile to [0 1]. Values in [99 100]% were saturated to 1, and values in [0 1]% were set to O.

(A) Phase-cycled bSSFP Acquisitions N=8

AD=0 AD=11/4

(B)  rgs-mi FBS-SOS FBS-Pnorm FBS-CS FBS-SBC Reference

(C)  rBs-miI Naive-MI CCP-CS Joint-MI Joint-Pnorm Joint-SOS

FIGURE4 In vivo bSSFP acquisitions of the brain with D = 4, N = 2 were reconstructed (Dataset #2). (a) Individual acquisitions are displayed
after combination across the coil dimension. (b) Several variants of FBS were examined including intensity-based (MI, SOS, Pnorm, CS) and
sensitivity-based (SBC) acquisition combination. A reference image obtained via FBS-ESM with N = 8 is also shown. Residual banding artifacts
are clearly visible in FBS-SOS, FBS-CS and FBS-SBC. In contrast, FBS-Ml yields enhanced suppression with no visible artifacts, and PBS-Pnorm
performs closely. (c) FBS-MI was compared against the alternative Naive, CCP and Joint methods. FBS-MI achieves superior artifact suppression
with reconstruction that closely resemble the reference image. While Naive-MlI performs similarly, FBS-Ml is computationally more efficient
than Naive-Ml(see Table 4).



8of 14 | Wl LEY—NMR BIYIKET AL
INBIOMEDICINE
TABLE2 PSNR, o, 6gm and oy, at N =2 PSNR (dB) o Ggm o
FBS Ml 25.1+04 0.057+0.009 0.024+0.001 0.015+0.001
SOS 252+04 0.082+0.014 0.026+0.002 0.023+0.001
P-norm 253+0.4 0.066+0.011 0.023+0.001 0.016+0.001
Cs 245+04 0.083+0.014 0.032+0.002 0.028+0.002
SBC 25.0+04 0.081+0.014 0.026+0.002 0.023+0.002
Joint Ml 245+0.3 0.065+0.010 0.027+0.001 0.016+0.001
SOS 25.0+£04 0.082+0.014 0.026+0.002 0.023+0.001
P-norm 25.1+0.4 0.070+0.012 0.023+0.001 0.017+0.001
Cs 19.0+0.3 0.136+£0.020 0.051+0.006 0.033+0.003
SBC 250+ 04 0.081+0.014 0.026+0.002 0.023+0.002
Note. Measurements are reported as mean=se subjects.
TABLE3 PSNRatN=2,4and D =4,32 PSNR (dB)
D=4 N=2 Naive-MI 25.0+0.4
Joint-P-norm 251+04
CCP-CS 245+04
FBS-MI 25.1+04
N=4 Naive-ESM 267+ 1.2
Joint-SOS 28.4+0.5
CCP-ESM 31.0+0.9
FBS-ESM 31.0+0.9
D=32 N=2 Naive-MlI 26.3+0.5
Joint-P-norm 26.3+0.4
CCP-CS 26.1+0.5
FBS-MI 27.9+0.7
N=4 Naive-ESM 27.8+2.0
Joint-SOS 29.5+0.3
CCP-ESM 36.0+0.8
FBS-ESM 38.3+0.3
Note. Measurements are reported as meanz+se subjects at N = 2,4 and D = 4, 32. Note that
model-based combination (ESM) is not applicable at N = 2, so MI, CS and P-norm variants
are considered instead. PSNR values were measured only for N = 2 and N = 4; because
N = 8 was used for reference images.
TABLE4 Reconstruction Times (seconds) Naive ccP FBS Joint
of Naive, CCP, FBS, and Joint Methods — — = — — == —
D=4 7.5 - 3.7 - 3.7 - 0.05
N=2 D=15 21.7 - 10.8 - 11.2 - 0.09
D=32 89.3 - 36.7 - 37.3 - 0.2
D=4 15.3 16.0 3.8 6.0 3.8 4.3 0.05
N=4 D=15 41.0 41.5 10.9 18.6 11.3 11.8 0.15
D=32 172.2 172.9 36.8 62.6 37.4 37.9 0.32
D=4 32.5 35.4 3.8 16.9 3.9 6.9 0.08
N=8 D=15 80.7 83.5 10.9 67.7 11.3 14.5 0.23
D=32 353.7 356.8 36.9 151.5 374 40.6 0.84

Note. Average reconstruction times are reported for a single cross section at varying number of
acquisitions N and number of coils D. Note that model-based combination (ESM) is not applicable at
N = 2, so Ml and CS variants are considered instead.

Reconstruction quality was then taken as PSNR between the reconstruction and the reference. The level of residual banding artifacts was taken
as o measured in the same cross-sections. Note that, . analysis was not performed on Dataset #4 as CSF region may contain signal variations
other than banding artifacts due to its thicker slices. The level of residual banding artifacts was also assessed for Gray Matter (o4,) and White
Matter (6,,m). On average, the selected ROls contained 379 62 voxels for CSF, 320 24 voxels for Gray Matter and 310 10 voxels for WhiteMatter
(mean se across subjects). Measurements were averaged across two central cross-sections within each subject. Significant differences among
reconstructions were assessed with non-parametric Wilcoxon signed-rank tests.

Performance of combination methods were compared on Dataset #2 at N = 2. Reconstructions were obtained using the FBS, Joint, Naive
and CCP methods. For N = 4, 8; reconstructions were obtained using the ESM variants of the Naive, CCP and FBS methods, and SOS variant of
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Coil Sensitivity Estimations

Reconstrcutions

FIGURE5 Coil sensitivities were estimated during Naive, Joint, CCP and FBS reconstructions. Representative sensitivity maps for four of the
coils are shown in Dataset #4 (D = 32) with N = 4, along with corresponding reconstructions for the same set of coils. The images displayed at
the bottom row are individual-coil images that were combined across acquisitions obtained via the CCP method. Note that since sensitivity
estimates are independently obtained for each phase-cycled acquisition in the Naive method, it produces four separate estimates of a given coils
sensitivity. Residual banding artifacts are clearly visible in the Naive method (marked with blue arrows), and residual tissue information leaks into
the Joint method. In contrast, CCP and FBS are relatively immune to these issues. Close inspection further reveals that FBS yields smoother coil
sensitivity estimates without abrupt transitions compared to CCP (marked with red arrows), especially near peripheral regions of the brain

Joint method. We used Dataset #3 to demonstrate the performance of FBS in knee imaging; Dataset #2 and #4 to demonstrate the performance
in brain imaging. Other than reconstructions, coil sensitivity map estimations were also produced within each method. Effects of different
combination methods on coil sensitivity maps were demonstrated by using Dataset #4 for N = 4.

To assess computational efficiency, reconstructions of all datasets were performed using FBS, Naive, CCP, and Joint methods. All cross-sections
within volumetric datasets were reconstructed. Average computation times were recorded for varying number of acquisitions (N = 2,4, 8) and
number of coil elements (D = 4: the 12-channel head coil, D = 15: the 15-channel knee coil, D = 32, the 32-channel head coil). All analyses were
executed in MATLAB (MathWorks, MA) on a workstation with Intel® Core™ i7-6850 K CPU, 96 GB RAM.
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Naive-ESM

FIGURE6 (a) In vivo bSSFP acquisitions
of the brain were performed with

D = 4 (Dataset#2) (b) In vivo bSSFP
acquisitions of the knee were performed
with D = 15 (Dataset#3). (c) In vivo bSSFP
acquisitions of the brain were performed
with D = 32 (Dataset#4). In both cases,
phase-cycled acquisitions with N = (4, 8)
were reconstructed using the ESM
variants of Naive, CCP and FBS methods,
and the SOS variant of Joint method.
Representative reconstructions of
separate cross-sections are shown.
Biases in coil sensitivity estimates lead to
substantial residual banding in
Naive-ESM images; and Joint-SOS images
show increased inhomogeneity in tissue
signals. Meanwhile, FBS-ESM yields
high-quality reconstructions. CCP-ESM
performs similarly to FBS-ESM, yet
FBS-ESM is significantly more efficient in
terms of reconstruction time (see Table 4)

6 | RESULTS

6.1 | AnalysesforN =2

The proposed factorized banding suppression (FBS) method was first demonstrated for N < 4. In vivo bSSFP acquisitions of the brain for
N = 2 and D = 4 were reconstructed using the FBS, Joint, Naive and CCP methods. Representative reconstructions from intensity-based and
sensitivity-based variants of FBS are shown in Figure 4B. FBS-MI yields visibly superior artifact suppression compared to other variants, with
FBS-Pnorm performing the second best. Reconstructions from Joint-Ml, Joint-Pnorm, Joint-SOS, Naive-MI and CCP-CS for the same dataset are
displayed in Figure 4C. FBS-MI outperforms both Joint-SOS and CCP-CS methods, and it offers similar visual quality to Naive-Ml, Joint-MI and
Joint-Pnorm reconstructions.

Quantitative comparisons of the FBS and Joint methods at N = 2 are listed in Table 2 in terms of PSNR, o, 6 and o,,m. FBS yields better
results compared to the Joint method in terms of PSNR (p < 0.05) and o (p < 0.05). For all variants, FBS produces 1.3 dB higher PSNR, 0.016
lower o, 0.004 lower o4y, and 0.002 lower oy, than the Joint method on average. This result indicates that FBS does not suffer from any
performance loss compared to joint processing of multi-coil, multi-acquisition datasets. Further comparisons focused on the best-performing
variants of FBS, Naive, Joint and CCP methods. PSNR measurements for FBS-MI againstNaive-Ml, Joint-Pnorm and CCP-CS are given in Table
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3 for N = 2. Overall, FBS-Ml yields significantly higher PSNR than all alternative methods (p < O : 05), except Naive-MI and Joint-Pnorm that

perform similarly when D = 4. For higher D, FBS-MI is significantly better than both Naive-MI and Joint-Pnorm (p > 0.05), as indicated in Table

BIYIKET AL.

3. Also note that, even at N = 2 and D = 4, FBS-MI is more computationally efficient than the Naive method that requires separate coil sensitivity

estimations for each acquisitions (see Table 4).

6.2 | AnalysesforN=4andN =8

To examine potential biases in coil sensitivity estimation, coil sensitivity maps were obtained during Naive, Joint, CCP and FBS reconstructions.
Representative sensitivity map estimations are displayed in Figure 5 for D = 32 and N = 4. Naive suffers from clearly visible residual banding
artifacts in sensitivity maps; Joint shows residual tissue information in sensitivity maps; and CCP yields some intensity shading near the peripheral
regions of the brain. In contrast, FBS produces smoother and less biased coil sensitivity maps.

In vivo bSSFP acquisitions of the brain for N = 4,8 and D = 4, 32, and the knee for N = 4,8 and D = 15 were reconstructed using Naive-ESM,
CCP-ESM, Joint-SOS and FBS-ESM. Representative reconstructions are displayed in Figure 6A for the brain (D = 4), in Figure 6B for the knee,
and in Figure 6c for the brain (D = 32). For both anatomies, FBS achieves visually superior reconstruction quality compared to the Naive and
Joint methods, while FBS and CCP perform similarly.

These observations are confirmed with quantitative assessments of PSNR reported in Table 3 for the brain data. FBS-ESM and CCP-ESM vyield
higher performance than both Naive-ESM and Joint-SOS at N = 4. As expected, the degraded performance of Naive-ESM implies that biases in
coil sensitivity estimates due to bSSFP profiles hamper the application of a model-based combination across acquisitions. Meanwhile, FBS yields
similar reconstruction to CCP for (D = 4). Note that with the coils were readily hardware compressed to few channels, so the accuracy of coil
sensitivity estimation is expected to be relatively limited in this case.

That said, differences in reconstruction quality between FBS and CCP emerged when the number of coils were higher. Our experiments with
D = 32 clearly show that FBS vyields significantly higher PSNR values than both Naive, Joint and CCP methods for N = 2 and N = 4 (p < 0.05).
Average PSNR values of the reconstructions over the subjects are presented in Table 3. For N = 2 and N = 4 respectively, FBS produces 1.6 and
10.5 dB higher PSNR than the Naive method; 1.6 and 8.8 dB higher PSNR than the Joint method; and 1.8 and 2.3 dB higher PSNR than the CCP
method.

FBS is also superior to both Naive and CCP methods in terms of computational efficiency. Average reconstruction times for a single cross
section are listed in Table 4 for N € {4,8} and D € {4, 15, 32}. For ESM variants, FBS maintains up to 3.7 shorter processing time compared
to CCP, and up to 8.8 times shorter processing time compared to Naive. Note that Joint processing does not permit model-based combination,
so an ESM variant could not be reported.While Joint-SOS can be computed fast in the absence of any sensitivity estimation, sensitivity-based
variants were not reported either due to impractical reconstruction times.

7 | DISCUSSION

A great deal of work has been done to date regarding artifact suppression methods in multi-acquisition phase-cycled bSSFP imaging. However,
either single-coil acquisitions were considered, or a priori coil combination was performed for multi-coil datasets.*®4° Because naive coil
combination of each acquisition creates biases in coil sensitivity estimates due to signal modulations from bSSFP sensitivity profiles, the
performance of subsequent artifact suppression methods can be degraded. While a subset of existing methods can also be applied in a coil-by-coil
fashion, a substantial computational burden is introduced for increasing numbers of acquisitions and coil elements.

Here, we proposed a factorized banding suppression (FBS) method that maintains reliable artifact suppression without compromising
computational efficiency. Instead of estimating coil sensitivities separately for each acquisition, FBS uses a phase-preserving acquisition
combination to obtain a consistent set of coil sensitivities. These estimates are used to combine images from multiple coils, and a subsequent
acquisition combination is performed efficiently. The proposed method outperforms naive coil combination in terms of the reliability of coil
sensitivity estimates, and both naive combination and coil-by-coil processing in terms of computational efficiency.

Computational efficiency of combination methods for multi-coil multi-acquision bSSFP datasets depend on both number of acquisitions
(N) and number of coils (D) in addition to image size. Naive processing involves NxD coil sensitivity estimation, N combinations across coils,
and 1 combination across acquisitions. Coil-by-coil processing involves D combinations across acquisitions, 1 coil sensitivity estimation, and
1 combination across coils. In ccontrast, FBS involves 2 combinations across acquisitions (the initial CS and subsequent combinations), 1 coil
sensitivity estimation, and 1 combination across coils. Therefore, computational complexity of FBS is comparatively less dependent on N and D
compared to naive processing and on D compared to CCP.

During this study, we also considered a neural-network-based method for artifact suppression in phase-cycled bSSFP datasets.3®> When
number of acquisitions is limited (N < 4), we observed that FBS-MI outperforms a neural network even when trained on multiple coils and
acquisitions jointly.3® That said, further improvements in performance might be attained by using networks that directly allow complex-valued
mappings,®® and deeper architectures trained on larger datasets. Furthermore, data augmentation methods, and transfer learning approaches,
where networks trained on different tissues are employed, might improve banding suppression performance. Hence, neural-network based

methods is a promising avenue that warrants further investigation.
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Subject motion can cause suboptimal performance in multi-acquisition phase-cycled bSSFP imaging due to several factors. First, regardless of

the combination method, if uncorrected motion between separate acquisitions can lead to blurring and residual artifacts in the combined bSSFP
image. Second, residual motion between acquisitions can also affect accuracy of methods that rely on estimates of coil or bSSFP sensitivity
profiles. Naive processing is expected to show the greatest immunity to this issue since coil sensitivities are estimated independently for each
acquisition. While joint processing simultaneously estimates coil and bSSFP sensitivities, no explicit constraint is used to enforce similariy of
coil sensitivities across acquisitions, introducing some degree of reliability against motion. In contrast, CCP performs acquisition combination
for individual coils prior to coil combination and FBS performs an initial complex-sum across acquisitions. These acquisition-combined images
can contain residual artifacts, thereby introduce errors in subsequent coil-sensitivity estimation. When significant motion is present between
acquisitions, a preprocessing stage could be incorporated prior to FBS to improve reliability.

Several modifications in FBS can be considered to yield improved performance. First, a complex summation was used here for the initial
acquisition combination. While the CS method preserves phase information, it may yield suboptimal artifact suppression. To improve suppression,
other phase-preserving combinations could be leveraged such as the complex version of the p-norm method.?” Second, an initial acquisition
combination was performed here to estimate a common set of coil sensitivities across acquisitions. While this is a computationally efficient
choice, accuracy of the estimates could be enhanced by using a tensor-based decomposition across the coil and acquisition dimensions of bSSFP
datasets.?” Lastly, the scan times for multi-acquisition bSSFP scans may prove to be impractical in applications with demanding requirements for
spatial resolution and coverage. To shorten scan times, acceleration methods such as compressed sensing could be employed>! and FBS could
be used to combine the reconstructions.

In summary, FBS is an efficient method for combination of multi-coil multi-acquisition bSSFP datasets. The proposed method was primarily
demonstrated for suppression of banding artifacts in phase-cycled bSSFP imaging. However, it can also benefit for other multi-acquisition

applications where a priori coil-combination can improve computational efficiency such as fat-water separated or multi-echo bSSFP imaging.
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