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Abstract—A number of MRI applications rely on
dynamic phase information embedded in the acquired
images. Such applications often require multiple
acquisitions, leading to possibly long scan time and low
temporal resolution. Previously, SENSE method has
been used for phase-sensitive data to shorten acquisition
time. However, SENSE can be subject to artifacts due to
inaccurate coil sensitivities and low SNR. In this paper,
dynamic phase data are derived from self-calibrated
parallel MRI and an optimal method is used to combine
phase information from multiple receiver channels.
Simulation results using 4-channel prostate imaging data
show that it is possible to get a factor of 3 speedup and
the new method is more accurate than the SENSE
method in reconstructing the phase information, thus
has potential to improve phase-sensitive MRI
applications such as phase contrast velocity mapping,
temperature mapping for thermal therapy, and Dixon
water/fat imaging.

Keywords—Parallel MRI, phase sensitive MRI, phase-contrast
MRA, temperature mapping, image reconstruction

I. INTRODUCTION

A number of important MRI applications rely on image
phase to provide critical information. A partial list includes
proton resonance-based MR temperature mapping, phase-
contrast velocity mapping for flow imaging in MR
angiography, Dixon water/fat imaging, and phase-sensitive
inversion recovery MRI [1-5]. In these applications, a key
disadvantage is the long scan duration to acquire the
imaging data. To detect the useful phase information, they
require at least two acquisitions to estimate and remove the
background phase caused by By field inhomogeneity and
other factors such as eddy currents. In addition, multi-slice
acquisitions are often needed to obtain 3-dimensional (3D)
information (e.g. 3D flow velocity or temperature maps),
leading to significantly longer acquisition time. Perhaps
more importantly, slow data acquisition could severely limit
the utility of MRI phase imaging in certain applications
where high temporal resolution is needed such as
temperature monitoring in thermal therapy.

With the technical advance in parallel MRI (pMRI) using
phase-array coils and multiple-channel receivers, significant
scan time reduction is possible, which can benefit the
aforementioned phase-sensitive MRI applications [6]. In
particular, it has been shown that when a reference scan is
available and the object is stationary, SENSE (Sensitivity
Encoding) with the reduction factor of two (R = 2) is rather
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accurate in tracking the dynamic temperature change using
phase information during thermal ablation [3]. For water/fat
imaging, one- or multi-point Dixon techniques has been
successfully combined with SENSE to improve scan-
efficiency [7,8]. A potential problem in using SENSE is that
it requires highly accurate coil sensitivity, which can be
difficult to estimate in practice. In addition, low SNR and
artifacts due to sensitivity error limit the reduction factors to
be low [9,10].

Self-calibration pMRI techniques such as auto-SMASH
(Simultaneous Acquisition of Spatial Harmonics), GRAPPA
(Generalized Autocalibrating Partially Parallel Acquisition),
PARS (Parallel MRI with Adaptive Radius in k-space), and
MCMLI (Multi-Column Multi-Line Interpolation) can
overcome or alleviate the problem by collecting calibrating
data together with the imaging data [11-16]. However, these
methods are usually optimized for high signal-to-noise ratio
(SNR) of the magnitude image, but not for that of the phase
image. For example, the sum-of-squares (SOS)
reconstruction used to obtain the magnitude image in fact
eliminates the phase information altogether.

In this paper, phase sensitive imaging data are derived from
self-calibrated k-space reconstructions. An optimal method
to combine phase information from multiple channels is
used. The method is based on a least-square criterion to
obtain high-SNR phase information. In addition, the phase
wrapping problem in phase subtraction is automatically
handled using complex vectors. Simulation results using 4-
channel prostate imaging data show that the new method is
more accurate than the SENSE method in recovering the
phase information and it is robust against the image noises
even in the low sensitivity areas of particular receiver coils.

II. METHODOLOGY

In this section, we describe the auto-calibrated image
reconstruction method and an optimal method to combine
multiple-channel images in pMRI with phase-sensitive data.

Adaptively Auto-Calibrated pMRI Reconstruction

Autocalibration techniques such as Auto-SMASH [11,16]
and GRAPPA [12] have the potential to provide improved
reconstruction, partially because they use dynamically
acquired calibration data and avoid the need for pre-
determined coil sensitivity. As a result, they are more robust
to motion, reduce the aliasing artifacts, and improve the
SNR. For example, in GRAPPA, a few additional auto
calibration signal (ACS) lines are collected in the central k-
space without subsampling, which are used to train a linear
interpolation model. Then, the model is used to interpolate



the missing k-space data from sampled data sets in a coil-
by-coil fashion. An illustration of the interpolation net and
ACS lines is shown in the Fig. 1 (a). MCMLI is an
improved GRAPPA method that uses an expanded 3D linear
interpolation model including coils, neighboring blocks (k),
and adjacent frequency encoding columns (ky) as input. In
addition, it utilizes a floating-net fitting method that treats
all available central lines as ACS [13], which increases the
number of training equations and numerical stability.

Once the unknown coefficients were determined, missing k-
space lines are interpolated, followed by 2D inverse FT to
obtain coil images. In conventional imaging, these images
will be combined using sum-of-squares (SOS) to obtain a
high SNR magnitude image. For phase imaging as discussed

here, this is not desirable as SOS loses all phase information.
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Figure 1. Illustration of interpolation models and coefficient fitting
schemes of (a) GRAPPA and (b) MCMLI. MCMLI uses an
interpolation net including both neighboring phase encoding and
frequency encoding lines from multiple channels (not shown) as
inputs. Full k-space data sets are interpolated using the model, once
the interpolation coefficients are determined.

Optimal Phase Information Combination from Multi-
channel Data

In dynamic imaging, a sequence of image frames are

acquired using L channels. The reconstructed complex
image for the ¢™ channel and /" frame can be written as

I, ») =[S, G I (x, )] € 00 00 ]

where S, (X, ») is the coil sensitivity, @, (X,)) represents

the spatially varying phase factor due to wavelength effect
and electronic delay, and A&’ (x, y) is the phase difference

introduced by the subject (e.g. due to the change of
temperature or velocity). This dynamic phase difference is
of our interest in most applications.

An intuitive method to extract A@" is simply averaging the
phase images over all channels. However, this is not
desirable because: (1) the coil-dependent phase factor

6. (x,y) could lead to phase cancellation; and (b) coil

images have space-varying SNR because of localized coil

752

sensitivities. Even if €, (x, ) can be removed, averaging

is not optimal in terms of SNR of the phase information. To
overcome these two problems, the phase difference map is
extracted and combined using

AG' (x,y)=arg Y (IL(x,»)- 177 (x,») /?) [2]

c=1
where I;e/ (x,) is a complex reference image (normally

selected to be the first frame) and o7 is the noise power of

the ¢™ channel (assuming noise from different channels are
not correlated). Because phase of a complex number wraps
to —7 and 7 , there is a phase wrapping problem. For

—0.97 and

0.97 gives 0. However, as shown in Fig. 2 (a), the correct
phase “average” should be close to 77, exactly the opposite
to 0. By using the complex vector operation, rather than
absolute phase numbers, Eq. (2) completely avoids this
problem. In addition, the combined complex vector that is
used to produce phase information in Eq. (2) corresponds to
the least-squares solution of the multi-channel image
combination problem, which gives high SNR in the phase
reconstruction [17]. In essence, at a particular pixel, strong
signals from some coils will suppress the noisy signals from
the other channels, as shown in Fig. 2 (b).
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Figure 2. (a) Complex vector summation avoids phase wrapping in
direct phase subtraction and average. (b) Weighted complex vector
summation for high SNR reconstruction. The length of the vector
represents the signal strength. The dashed arrow shows the
optimally combined complex vector.

III. RESULTS

Data Acquisition

A sequence of in-vivo prostate data were acquired on a
Signa HD 1.5T GE whole body clinical scanner (GE
Healthcare, Waukesha, WI) wusing the commercially
available 4-channel receivers connected to combined three
torso surface coils and an endorectal coil during a contrast-
enhanced study. An enhanced fast Gradient Echo 3-D pulse
sequence was used with the parameters: TR / TE = 7 ms /
2.804 ms, receiver bandwidth = 41.67 kHz, FOV = 18 cm x
18 cm, image-matrix size = 256 x 256, total slice = 14, tip-
angle = 15° slice thickness = 3 cm, frequency / phase
encoding step = 256 / 128, frames = 22, and scan-time = 9
min and 38 seconds. Figure 3 shows the magnitude and
phase images from the four channels (the 5™ frame and the



Figure 3. Representative phase (Left) and magnitude (Right)
images from the 5-th frame and the 7-th slice of a 3D dynamic
prostate MRI experiment.

middle slice). We used this data set to test the proposed
algorithm, though no thermal ablation or flow was applied
or measured in this experiment. Raw k-space data were
transferred to a local Pentium 2.5 GHz computer for
processing in MATLAB (The MathWorks, Natick, MA).
The k-space data were retrospectively subsampled to
simulate those would be acquired in accelerated scans.

Phase Image Reconstruction

The simulated subsampled data were reconstructed using the
described auto-calibrating algorithm with block size = 2,
column size = 3 and ACS = 32. FNF fitting scheme was
used for model training. To obtain the phase-difference map,
the first frame was used as the reference frame. After
reconstruction, a phase difference map was generated using
the proposed optimal phase combination algorithm.

For comparison, phase-sensitive SENSE imaging as in [3]
was also performed using the same subsampled data. Using
the low-resolution coil-sensitivity from the 32 ACS lines in
the reference frame, a coil sensitivity map was created by
dividing the coil images with the SOS image [9]. Then a
complex image of the dynamic frame was obtained using
SENSE, similarly as in [3,6]. A phase-difference map
between the dynamic and the reference frames was obtained
by taking the angle of the reconstructed complex image. In
addition, zero-padded FFT reconstructions from the two
central 32 central k-space lines were obtained. Low-
resolution phase-difference maps were then computed by
combining the 4-ch phase-difference maps using Eq. (2).

Performance Evaluation

To evaluate the phase reconstruction accuracy, a “ground
truth” phase-difference map was established using the fully-
encoded data frames, i.e., with all 128 phase encodings. In
particular, high-resolution dynamic and reference complex
images were reconstructed. The phase maps were then
derived using the Eq. (2). Figure 4 compares the phase-
difference maps from the three recon methods with the
“ground truth”. As shown, MCMLI reconstructed phase-
difference map is visibly more accurate and has higher SNR
than the other two reconstructions. This is especially
obvious around the edges of the structures.

To quantitatively examine the phase reconstruction accuracy,
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Figure 4. Phase-difference maps: (a) true phase-difference map
using 128 encodings, (b) from zero-padded FFT recon with 32
encodings, (c¢) from SENSE recon with R=2, and (d) from the
proposed method with R=2.

a region of interest (ROI) was manually selected to cover
the prostate and rectum peripheral areas, as shown in Fig. 5.
Histograms of phase errors associated with different
reconstructions are generated in Fig. 5. The majority of
phase errors in MCMLI reconstruction is distributed around
zero, while SENSE and zero-pad FFT recons contain more
pixels with larger errors over the range from —7 to 7.
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Figure 5. Histogram of phase error-map in the ROI (shown in red
contour) for the reconstructions shown in Fig. 4: (Left) SENSE,
(Middle) zero-pad FFT, (Right) the proposed method.

Figure 6 shows the phase map obtained by different channel
phase combination methods. Clearly, the proposed optimal
method has less phase errors. To see this quantitatively,
mean angular error (MAE) metric is defined as

MAE — z ‘arg {ejAB,.mm (x.y), efjAggromxdfmAlh (xsy)} /N [3]

(x,y)eR0OI



where N is the number of pixels in the ROIL The
performance of three techniques was compared in Fig. 7 (a)
and (b). As shown, in all frames and reduction factors
examined, MCMLI achieved minimum MAE, showing over
50% less MAE as compared with SENSE and zero-padded
FFT reconstruction techniques.
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Figure 6. Phase maps of the ROI (as in Fig. 5) obtained by (a)
“ground truth” from 128 encodings, and (b) from MCMLI recon
with R=2 using the optimal combination method, (c) combination
without optimal magnitude weighting, and (d) phase average. The
optimal method gives best SNR in the prostate.
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Figure 7. Phase reconstruction error of the three reconstruction
methods for (a) R =2 and (b) R=3.

IV. DISCUSSIONS
Phase sensitive imaging was integrated with a self-

calibrating k-space reconstruction method for parallel MRI.
An optimal method was used to derive the dynamic phase

sensitive information from multiple phase-array images.
Simulation results using 4-channel prostate imaging data
demonstrated that the new method is more accurate than the
SENSE method in recovering the phase information and it is
robust against the image noises. The method has potentials
to improve phase-sensitive MRI applications such as phase
contrast velocity mapping, temperature mapping, and Dixon
water/fat imaging.
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