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Abstract The feasibility of applyingGeneralizedAuto-calibrating Partially Parallel
Acquisition (GRAPPA) techniques has been established, with a two-fold or more
reduction in scan time without compromising vascular contrast in Susceptibility
Weighted Imaging (SWI) by choosing an optimal sensitivity map for combining
the coil images. The overall SNR performance in GRAPPA is also dependent on
the weights used for combining the GRAPPA reconstructed coil images. In this
article, different methods for estimating the optimal coil combination weights are
qualitatively and quantitatively analysed for maximizing the structural information
in the tissue phase. The performance of various methods is visually evaluated using
minimum Intensity Projection (mIP),Among the threemethods, sensitivity estimated
using the dominant eigenvectormentioned asESPIRiT-based sensitivity in this article
shows superior performance over the other two methods including estimating the
sensitivity from the centre k-space line and from reconstructed channel images.
Combining channel images using ESPIRiT sensitivity shows its ability to preserve
the local phase variation and reduction in noise amplification.
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1 Introduction

Susceptibility Weighted Imaging (SWI) is an MR imaging technique which utilizes
the susceptibility variations between tissues in human body to image them [1–8].
These variations in the susceptibility of tissues are embedded in the phase of the
MR image [1, 9]. The acquisition parameters are so chosen such that sufficient
susceptibility contrast was obtained from vessels while simultaneously reducing
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contrast among white matter, grey matter and ventricles [10]. As a result, the total
acquisition time for SWI remains long. This results in motion-induced artefacts and
patient discomfort. Thus, there is a need for faster acquisition time and efficient ways
of combining multichannel coil data without losing the phase information.

Partially Parallel Imaging (PPI) acquisitions and reconstruction algorithms have
been used commonly in clinical applications to speed up the MR acquisition without
significantly reducing the Signal-Noise-Ratio (SNR) and contrast between vessels
and other brain regions. SENSitivity Encoding (SENSE) [11] is an image domain
based parallel imaging method which is highly subjected to B0 and B1 field inhomo-
geneity. Auto-calibrating techniques such as GeneRalized Auto-calibrating Partially
Parallel Acquisitions (GRAPPA) can better handle the field inhomogeneities because
GRAPPA reconstruction makes use of the fully sampled centre k-space data known
as the auto-calibrating lines, whereas SENSE relies on coil sensitivity maps to esti-
mate the unaliased image [12, 13]. Recent work has demonstrated the application
of auto-calibrated data-driven parallel imaging methods to phase-sensitive imaging
without any apparent impact on image phase. Lupo et al. [14] have demonstrated that
GRAPPA reconstruction shows improved vessel contrast as compared to SENSE
when applied to SWI Brain vasculature data acquired at 7T with reduction factor
(R = 2).

The feasibility of accelerating SWI acquisitions by using parallel imaging tech-
niques has shown that GRAPPA has an advantage over SENSE in terms of robust-
ness in detecting small vessels [14]. In this work, GRAPPA reconstruction is applied
on undersampled SWI images, which are then coil combined using three different
types of coil combination weights suggested in the literature [15, 16]. The quality of
phase-sensitive reconstruction is assessed by the application of venous enhancement
filtering on the final combined image obtained using each coil combination weights.

2 Materials and Methods

2.1 Data Acquisition

Dataset-1: SWI is collected from volunteers using a Siemens 1.5T scanner with
uniform excitation by a volume transmitter and reception by 32-channel head array
coil. TE/TR values were 40/49 ms with a nominal flip angle (FA) of 20° and slice
thickness 2.1 mm. The collected data was retrospectively undersampled by a factor
of three prior to performing GRAPPA. The number of auto-calibrating (nACS) lines
used is 24; Field of view (FOV) = 203 × 250 mm and the reconstructed matrix size
is 260 × 320.

Dataset-2: SWI data is from a patient with multiple micro haemorrhages seen
in the cerebellum and left temporal lobe. The acquisition was performed with a
Siemens 1.5T scanner using 32 channel head array coils. The scan parameters were
TE = 40 ms, TR = 49 ms, FA = 20°, slice thickness 2.1 mm, FOV = 203 × 250
and the reconstructed matrix size is 260 × 320.
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Dataset-3: Multi-echo SWAN data was acquired on GE 3TMRI system equipped
with a 12-channel head array coil using a three-dimensional gradient echo sequence.
Scan parameters were as follows: repetition time (TR) = 42.6 ms, TE = 24.7 ms,
flip angle (FA) = 15°, slice thickness of 2.4 mm acquisition matrix of 384 × 288,
bandwidth (BW) = 325.52 Hz/pixel and FOV = 260 × 260 mm.

2.2 Reconstruction and Post-processing of Complex
Multichannel Data

SWI data was acquired and retrospectively undersampled by an acceleration factor
(R)while retaining centralAuto-CalibratingSignal (ACS) lines. TheGRAPPA-based
parallel imaging technique employed a two-dimensional 2 × 7 interpolation kernel
using two neighbouring points in the Phase Encode (PE) direction, placed symmet-
rically around the missing line and seven neighbouring data points in the Frequency
Encode (FE) axis. After reconstruction, various post-processing techniques were
employed as shown in Fig. 1 to obtain the final image.

2.3 GRAPPA Reconstruction

GRAPPA is a parallel MRI technique to estimate the missing k-space points by lin-
early combiningmore than one acquired line. GRAPPA uses the fully sampled centre
k-space region (ACS lines) of each channel for training to estimate the unacquired
data. Using a linear combination of the acquired PE lines and GRAPPA weights
computed from ACS data, the unacquired points are estimated. The calibration step
for GRAPPA weight calculation and estimation of unacquired points in the outer
k-space are the two main steps in the reconstruction procedure. Calibration is per-
formed using samples from ACS lines, forming the training data. Let ky be the index
of the acquired line in the phase encode direction, then the target data Kl(ky + η�ky,
kx) in the basic GRAPPA model with acceleration factor R and η varies from 1 to
R−1, which can be defined from the source data k

(
ky, kx

)
at the location

(
ky, kx

)
as,

Kl
(
ky + η�ky, kx

) = zlηk
(
ky, kx

)
(1)

where k
(
ky, kx

)
represents a collection of acquired neighbouring samples for a par-

ticular location from all coils and zlη is the GRAPPAweights. For all training pairs in
ACS

{
k(ky, kx ), Kl(ky + η�ky, kx )

}
represented the calibration weights zlη are first

estimated by inversion of (1). Though all locations within ACS are truly acquired,
ky refers to only those locations that strictly follow the sampling pattern in the outer
k-space. The calibration matrix � is now obtained by row-wise appending of the
training set k(ky, kx ) corresponding to each acquired ACS location following the
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Fig. 1 Work flow showing venous enhancement

sampling pattern. The observation vector ku for calibration is obtained from each
training pair by considering the elements Kl

(
ky + η�ky, kx

)
. By determining the

least squares (LS) solution, the calibration process is defined as

zlη = (
�H�

)−1
�Hku (2)

Missing k-space value Kl
(
ky + η�ky, kx

)
in the outer k-space is estimated by

applying the filter obtained from calibration zlη to the acquired dataset k
(
ky, kx

)
. In

GRAPPA reconstruction, the unacquired points in the sample k-space for jth coil is
estimated as
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K j
(
kx , ky + η�ky

) =
nc∑

l=1

Pk∑

b=−Pl
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K l
(
ky + bR�ky, kx + h�kx

)
zlη (3)

where h and b denote sampling indices along the frequency and phase-encoding
directions, respectively.

2.4 Methods for Coil Combination

Roemer et al. demonstrated an optimal way to combine the data from multiple chan-
nels using an estimated or true sensitivity profile [15]. The combined complex image
(IR) is obtained as

IR =

nc∑

k=1
P∗
k Sk

nc∑

k=1
|Pk |2

(4)

Sensitivity estimate from coil images. After estimation of unacquired points
using GRAPPA reconstruction, the k-space data is inverse Fourier transformed to
obtain the channel images. Absolute value of each coil image is divided by root-Sum-
of-Squares (rSoS) image to estimate the coil sensitivity map from the reconstructed
channel image.

Sensitivity fromACS. One of the most commonways of obtaining the sensitivity
is from the Auto-Calibrating lines (ACS) of the undersampled k-space. The central
ACS data (e.g. 24 × 24) is zero-padded to the size of the image and inverse Fourier
transformed to obtain the low-resolution sensitivity map.

ESPIRiT-based sensitivity estimation. This procedure for estimating the coil
sensitivity has evolved from efficient eigenvector-based implementation in the cali-
bration steps of the original SPIRiT approach and its parallel imaging implementation
is referred to as ESPIRiT [16]. In ESPIRiT, the calibrationmatrix is first decomposed
using Singular Value Decomposition (SVD) into a left singular matrix U, a right sin-
gular matrix V and a diagonal matrix S of singular values [10]. The basis for the
rows of the calibration matrix � is obtained from the columns of the V matrix in the
SVD of calibration data. The matrix V is then separated into V⊥ which spans the
null space of � and V. In ESPIRiT, the calibration matrix is first decomposed using
Singular Value Decomposition (SVD) into a left singular matrix U, a right singular
matrix V and a diagonal matrix S of singular values [17]. The basis for the rows of
the calibration matrix � is obtained from the columns of the V matrix in the SVD of
calibration data. The matrix V is then separated into V⊥ which spans the null space
of� and V|| which spans its row space. In ESPIRiT, the coil combination weights are
derived from the dominant eigenvectors of the subspace spanned by the row space of
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�. Similarly, these weights from dominant eigenvectors can be used for combining
the channel images after GRAPPA reconstruction, which spans its row space.

2.5 Homodyne Filtering

Homodyne filter is a type of high-pass filter which is widely used to remove the phase
variations due tomain field inhomogeneities and air-tissue interface. In Susceptibility
imaging, the tissue susceptibility effects are local and exist primarily in high spatial
frequencies, while external field effects exist primarily in the low spatial frequencies
[18]. The high-pass filter is obtained by taking the original image ρ(r), truncating it
to the central complex image ρn(r), creating an image by zero filling the elements
outside the central elements and then complex dividing ρ(r) by ρn(r) to obtain a
new image.

ρ ′(r) = ρ(r)/ρn(r) (5)

The phase masks scaled between 0 and 1 are designed to enhance the contrast
in the original magnitude image by suppressing pixels having certain phase values.
The venous enhanced image is obtained by element-by-element multiplication of the
original magnitude image with the phase mask. Usually, the phase mask is multiplied
‘r’ times to increase the susceptibility-related contrast. In this article, results are
shown with r = 4.

3 Results

Figure 2a–c showsmIPSWIobtainedusing fromsensitivity estimated fromGRAPPA
reconstructed images, sensitivity from ACS data and ESPIRiT-based sensitivity,

Fig. 2 mIPSWI image obtained after combining the channel images using coil sensitivity estimated
from a reconstructed coil images. b ACS. c ESPIRiT sensitivity
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respectively. GRAPPA reconstruction was performed on undersampled data with
an acceleration of R = 3. From visual inspection, it is observed that combing the
channel information using sensitivity estimated fromGRAPPA reconstructed images
in 2a is highly subjected to streaking artefacts and background noise. The streaks are
highlighted using red circles. The reconstruction in 2b is comparatively less noisy.
However, small vessels (see arrows) are not detected. ESPIRiT reconstruction in 2c
detects more vessels (bold red arrow). Furthermore, background noise appearance is
also minimal.

The effect of sensitivity in channel combination is shown using patient data with
multiple microbleeds mainly in the left temporal region (Dataset-2). Figure 3 shows
the mIP over 16.8 mm (8 slices) of the magnitude SWI obtained after GRAPPA
reconstruction with R = 2. Left to right panel shows channel combined image using
sensitivity estimated from a GRAPPA reconstructed images, b ACS and c ESPIRiT-
based sensitivity, respectively. From the figure, it is observed that mIP SWI images
obtained from combined channel images with ESPIRiT sensitivity show better SWI
blooming and susceptibility-related contrast. Yellow arrows are used to highlight the
better delineation of microbleed when the sensitivity is estimated from ESPIRiT.
Red arrows are used to point out the improved resolution in venous structures when
the channel combination weights are estimated from dominant eigenvectors of the
calibration matrix.

Figure 4 shows the mIP over 9.6 mm (4 slices) of magnitude SWI images of a
patient with bleeding in the left frontoparietal convexity (Dataset-3). a–c shows the
channel combined image using sensitivity estimated from GRAPPA reconstructed
images, centre k-space data and ESPIRiT-based sensitivity, respectively. SWI bloom-
ing is observed to be better in panel c compared to both a and b. Red arrows are used to
highlight the improvement in venous contrast of the mIP SWI image using ESPIRiT-
based sensitivity for channel combination. Even though the superficial veins are
visible in panel a and b, better delineation and contrast are accomplished with chan-

(a) (b) (c)

Fig. 3 Reconstructed mIP images from Dataset-2 using sensitivity estimated from a reconstructed
coil images b ACS. c ESPIRiT sensitivity. Red arrows are used to indicate the improvement in
resolution of faint venous structures and yellow arrows highlight the blooming due to microbleeds
in the coil combined image with sensitivity estimated from ESPIRiT
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(a) (b) (c)

Fig. 4 Reconstructed mIP images from Dataset-3 using sensitivity estimated from a reconstructed
coil images b ACS. c ESPIRiT sensitivity. Red arrows indicate the clear visualization of venous
structures in panel (c)

nel combination using the high-quality sensitivity maps estimated from the SVD of
the calibration matrix.

4 Discussion

In recent years, several methods for combining the channel images from array coils
have been proposed based on computational requirement and the properties of the
combined image. The most common and computationally less intense method for
combining the multichannel phase data is the Roemer’s method which requires an
additional scan with a volume reference coil such as body coil to estimate the coil
sensitivity map. The quality of the phase image is directly related to the quality of
the sensitivity map used. Improper selection of the sensitivity map may cause phase
artefacts and signal loss in the channel combined image. So the main aim of every
channel combination method is to develop an SNR optimal coil combination method
that retrieves the relative change in a local magnetic field which is related to the local
phase change without any additional measurements or scanning.

Three methods have been presented for generating the sensitivity map for com-
bining channel images with array coils. Neither of these methods requires an addi-
tional scan. The first method generates the sensitivity after reconstructing the channel
images using GRAPPA. The second and third methods do not require the recon-
structed channel images for generating the sensitivity map, but they use the auto-
calibration lines. In the first method, since the sensitivity maps are generated using
the reconstructed channel image, noise amplification from GRAPPA causes error
in the channel combined image. This effect becomes more critical when a higher
acceleration factor is used.

In the second method, the coil sensitivities are generated from centre k-space data
which contains the low-frequency component of the channel image together with
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some noise components. These noise components may affect the quality of the chan-
nel combined image especially whenmore importance is given to the visualization of
finer vascular structures as in SWI. So it is important to suppress the noise component
in the sensitivity map. This points to the need for estimating the sensitivity map with
high precision. So a well-established method like ESPIRiT can be used to estimate
the sensitivity maps from the calibration data which is fully sampled. The sensitivity
maps estimated from the dominant eigenvectors of the subspace spanned by the row
space of calibration matrix is suitable for combining the coil information with high
frequency phase variations as in SWI. Moreover, by using the principle of SVD and
choosing the dominant eigenvector of calibration matrix, sensitivity estimation can
be made noise-free when compared to that of estimating the sensitivity directly from
centre k-space region.

Combination of channel images effectively by preserving the phase variation and
reduce the phase artefacts will be beneficial for higher resolution gradient echo scan.
Potential of this channel combination method is that it can be used for improving the
relative phase change between different ROIs and creating susceptibility maps. With
proper background suppression in the channel combined phase image of SWI/SWAN
acquisition, quantification of iron deposition in patientswithAlzheimer’s and Parkin-
son’s can be made robust and reliable.

5 Conclusion

Wehave evaluated the threemethods for generating the sensitivitymap for combining
channel images from multichannel phased array coils. Neither of these methods
requires additional measurements or a volume reference coil making the methods
suitable for all field strength. Among the three methods, sensitivity estimated using
the dominant eigenvectormentioned asESPIRiT-based sensitivity in the article shows
superior performance over the other two in terms of its ability to preserve the local
phase variation and reduction in noise amplification. mIP SWI maps shown the
superiority of ESPIRiT-based sensitivity to that achieved with sensitivity estimated
from the reconstructed images and centre k-space data.
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