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METHOD AND APPARATUS OF MULTI-COIL
MR IMAGING WITH HYBRID SPACE
CALIBRATION

CROSS REFERENCE TO RELATED
APPLICATIONS

The present application is a continuation of and claims
priority to U.S. Ser. No. 11/278,039 filed Mar. 30, 2006, now
U.S. Pat. No. 7,282,917, the disclosure of which is incorpo-
rated herein by reference.

DISCLOSURE OF PARTIES TO JOINT
RESEARCH AGREEMENT

This invention was made with Government support under
contract EB002711 awarded by the National Institutes of
Health. The Government has certain rights in this invention.

BACKGROUND OF THE INVENTION

The present invention relates generally to magnetic reso-
nance (MR) imaging and, more particularly, to a flexible
approach for sampling and reconstructing an image of an
imaging volume with multiple receiver coils to accelerate
data acquisition.

When a substance such as human tissue is subjected to a
uniform magnetic field (polarizing field B,), the individual
magnetic moments of the spins in the tissue attempt to align
with this polarizing field, but precess about it in random order
at their characteristic Larmor frequency. If the substance, or
tissue, is subjected to a magnetic field (excitation field B,)
which is in the x-y plane and which is near the Larmor
frequency, the net aligned moment, or “longitudinal magne-
tization”, M, may be rotated, or “tipped”, into the x-y plane
to produce a net transverse magnetic moment M,. A signal is
emitted by the excited spins after the excitation signal B, is
terminated and this signal may be received and processed to
form an image.

When utilizing these signals to produce images, magnetic
field gradients (G,, G,, and G,) are employed. Typically, the
region to be imaged is scanned by a sequence of measurement
cycles in which these gradients vary according to the particu-
lar localization method being used. The resulting set of
received NMR signals are digitized and processed to recon-
struct the image using one of many well known reconstruc-
tion techniques.

One technique that has been developed to accelerate MR
data acquisition is commonly referred to as “parallel imag-
ing” or “partial parallel imaging”. In parallel imaging, mul-
tiple receive coils acquire data from a region or volume of
interest. Thus, parallel imaging is used to accelerate data
acquisition in one or more dimensions by exploiting the spa-
tial dependence of phased array coil sensitivity. Parallel imag-
ing has been shown to be successful in reducing scan time, but
also reducing image blurring and geometric distortions.
Moreover, parallel imaging can be used to improve spatial or
temporal resolution as well as increased volumetric coverage.

There are several types of parallel imaging reconstruction
methods that have been developed to generate the final,
unaliased image from accelerated data. These methods can
generally be divided into two categories based on how they
treat the reconstruction problem: 1) SENSE-based techniques
(Sensitivity Encoding) estimate coil sensitivity profiles from
low-resolution calibration images, which can then be used to
unwrap aliased pixels in image space using a direct inversion
algorithm; and 2) GRAPPA-based techniques (Generalized
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Auto-calibrating Partially Parallel Acquisition) calculate
reconstruction weights necessary to synthesize unacquired
data directly from acquired data in k-space using an algorithm
that does not require coil sensitivity estimates. The recon-
struction weights for GRAPPA are calculated from a small
amount of fully sampled calibration data that is typically
embedded within the scan (“auto-calibration™), but can also
be acquired before or after the scan. While both SENSE- and
GRAPPA-based approaches have been successful, in prac-
tice, GRAPPA-based techniques have been shown to be pre-
ferred when accurate coil sensitivity estimates cannot be
obtained, for example, in reduced FOV applications.

One known GRAPPA technique operates entirely in
k-space and uses only one-dimensional (1D) convolution ker-
nels. A single set of 1D convolution kernel weights are deter-
mined in k-space and subsequently applied in k-space to
reconstruct a full k-space data set for each coil. Each k-space
data set is then Fourier transformed into a single image such
that there is an image per coil. The coil images are combined,
e.g., using sum-of-squares, to create a final image. This con-
cept of reconstructing separate k-space data sets for each
component coil is precisely what sets GRAPPA apart from its
predecessor, VD-AUTO-SMASH. The combination of com-
ponent coil magnitude images avoids any inter-coil phase
errors and the weight generation on a per coil basis makes
GRAPPA no longer require that the sensitivity profiles from
the involved coils form spatial harmonics, such as needed for
SMASH-based techniques.

In the GRAPPA method, the GRAPPA weights, ak.a. 1D
GRAPPA kernel, are estimated and applied only on neigh-
boring data along the direction of acceleration (k). This is not
ideal for most coil configurations, since the sensitivity pro-
files vary not only in the phase-encoding direction (direction
of'acceleration) but also in the frequency-encoding direction,
which is orthogonal to the acceleration direction. As such, it
has been suggested that the accuracy of GRAPPA-based tech-
niques can be improved by using a two-dimensional (2D)
rather than a 1D k-space kernel. Moreover, it is believed that
the 2D GRAPPA kernel improves the conditioning of the
system matrix and therefore reduces reconstruction noise and
residual errors. However, this accuracy comes at the expense
of'an increase in reconstruction time due to the computation-
ally intensive 2D k-space convolution step.

It would therefore be desirable to have a parallel imaging
technique that maintains the advantages of parallel imaging,
(e.g., reduced scan time), is sufficiently flexible to account for
various coil configurations such that variations in sensitivity
profiles are considered, and provides significantly reduced
reconstruction times.

BRIEF DESCRIPTION OF THE INVENTION

The present invention provides a system and method for
parallel imaging that overcomes the aforementioned draw-
backs. The invention includes a parallel imaging technique
that performs reconstructions with a 2D convolution kernel
that exploits the computational efficiencies available when
operating in certain data “domains” or “spaces”. Thus, the
present invention is not limited to “k-space” such as
GRAPPA-based techniques or limited to “image space” such
as conventional SENSE-based techniques. In this regard, the
invention separates the reconstruction process of multi-coil
data into a “training phase” and an “application phase” in
which reconstruction weights are applied to acquired data to
synthesize (replace) missing data. The choice of data space,
i.e., k-space, hybrid space, or image space, in which each step
occurs is independently optimized to reduce total reconstruc-
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tion time for a given imaging application. As such, the inven-
tion retains the image quality benefits of using a 2D k-space
kernel without the computational burden of applying a 2D
k-space convolution kernel.

An MR system comprises a plurality of RF receiver coils
includes a computer programmed to determine a scan param-
eter to be optimized. The computer is further programmed to
access a plurality of reduced MR data sets acquired with the
plurality of RF receiver coils. The plurality of reduced MR
data sets may include both undersampled MR data and fully
sampled MR calibration data. During a training phase, the
computer is programmed to calculate reconstruction convo-
Iution kernel weights from the plurality of MR data sets.
During an application phase, the computer is programmed to
apply the reconstruction weights to the plurality of reduced
MR data sets to form a plurality of complete MR data sets.
The computer can automatically determine from which of
k-space, hybrid space, or image space that the reconstruction
weights are to be determined and automatically determine in
which of k-space, hybrid space, or image space to synthesize
the plurality of complete MR data sets based on the scan
parameter to be optimized.

The invention may be embodied in a computer readable
storage medium having a computer program for acquiring
and reconstructing MR images acquired from a plurality of
RF receiver coils. The computer program represents instruc-
tions that when executed by a computer cause the computerto
access a plurality of reduced k-space data sets acquired with
the plurality of RF receiver coils, with the reduced data sets
including both undersampled and fully sampled data. Each
k-space data set includes MR data encoded in a phase
encoded as well as a frequency encoded direction. The com-
puter is further caused to determine reconstruction kernel
weights from the reduced k-space data sets and then Fourier
transform the kernel weights along the frequency encode
dimension. The computer is further programmed or caused to
Fourier transform the reduced k-space data sets in the one
dimension as well. The transformed kernel weights are then
applied to the transformed k-space data sets to synthesize a
complete hybrid space for each RF receiver coil. The com-
puter then reconstructs an image from each hybrid space.

A method of parallel imaging is also disclosed and includes
the step of acquiring a reduced k-space data set from each of
the plurality of receiver coils, where the k-space data sets may
include both imaging lines and calibration data lines. The
method continues with the step of determining reconstruction
kernel weights from the reduced k-space data sets and trans-
forming, in one dimension, the kernel weights and the k-space
data sets to hybrid space. The transformed kernel weights are
then applied to the hybrid space data sets to synthesize a
plurality of complete hybrid space data sets. A respective
image from each ofthe complete hybrid space data sets is then
reconstructed.

A method of MR imaging is disclosed as including the
steps of estimating a 2D k-space kernel from reduced k-space
data sets acquired from a plurality of RF receiver coils, apply-
ing the 2D k-space kernel as a 1 D convolution in hybrid space,
and reconstructing a plurality of coil images from a plurality
ot hybrid space data sets synthesized by the 1D convolution.

In another method of MR imaging, a reduced k-space data
sets from a plurality of RF coils is transformed into hybrid
space. The method further comprises the steps of estimating a
1D kernel in hybrid space by constraining the kernel coeffi-
cients to vary smoothly along the frequency encode dimen-
sion, applying the 1D hybrid space kernel as either a 1D
convolution in hybrid space (applied along the phase encode
direction for each spatial coordinate along the frequency
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encode dimension) or a point-by-point multiplication in
image space, and reconstructing a plurality of coil images
from a plurality of hybrid space data sets or image space data
sets synthesized by the application of the hybrid space kernel.

Therefore, in accordance with one aspect of the invention,
an MR system comprises a plurality of RF receiver coils and
a computer programmed to determine a scan parameter to be
optimized and access a plurality of MR data sets acquired
with the plurality of RF receiver coils. The computer is further
programmed to determine calibration weights from the plu-
rality of MR data sets, automatically determine from which of
k-space, hybrid space, or image space the calibration weights
areto be determined, and automatically determine in which of
k-space, hybrid space, or image space to supplement the
plurality of MR data sets with the calibration weights based
on the scan parameter to be optimized.

In accordance with another aspect, the present invention is
directed to a computer readable storage medium having a
computer program for acquiring and reconstructing MR
images from a plurality of RF receiver coils and representing
instructions that when executed by a computer cause the
computer to obtain calibration k-space data lines from a plu-
rality of k-space data sets acquired with the plurality of RF
receiver coils. Each data set includes MR data encoded in a
phase encoded and a frequency encoded direction. The com-
puter is further caused to determine calibration weights from
the calibration k-space data lines and Fourier Transform the
calibration weights in one dimension. The computer then
Fourier Transforms the k-space data sets in one dimension
and applies the transformed calibration weights to the trans-
formed k-space data sets to synthesize a hybrid space of
desired size for each RF receiver coil. The computer is also
programmed to reconstruct an image from each hybrid space.

According to another aspect of the invention, a method of
parallel imaging is disclosed as including the steps of acquir-
ing a k-space data set from each of a plurality of receiver coils
and acquiring a set of k-space calibration data lines from each
of a plurality of receiver coils. The method also includes the
steps of determining kernel weights from the calibration data
lines in k-space and transforming, in one-dimension, the ker-
nel weights and the k-space data sets to hybrid space. The
transformed kernel weights are applied to the hybrid space
data sets to synthesize a plurality of complete hybrid space
data sets whereupon the method continues with reconstruct-
ing a respective image from each ofthe complete hybrid space
data sets.

The invention is also embodied in a method of MR imaging
that includes the steps of estimating a 2D k-space kernel from
k-space data acquired from a plurality of RF receiver coils
and applying the 2D k-space kernel as a 1D convolution in
hybrid space. The method continues with the step of recon-
structing a plurality of coil images from a plurality of hybrid
space data sets synthesized by the 1D convolution.

In accordance with another aspect, the invention includes a
method of MR imaging comprising the steps of acquiring a
plurality of k-space data sets from a plurality of RF receiver
coils, acquiring a plurality of calibration k-space data sets
from the plurality of RF receiver coils, performing a 1D
Fourier Transform along a frequency encode direction to
create hybrid space data sets and hybrid space calibration data
sets, and estimating coefficients of continuous weight func-
tions that build unique sets of 1D hybrid space kernel weights
for each location in the frequency encode direction and con-
strains the 1D hybrid space kernel weights to vary smoothly.
The method further includes the steps of building the con-
tinuous weight functions by a set of basis functions suitable
for the coil configuration, applying the 1D hybrid space ker-
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nel weights to the hybrid space data sets as a 1D convolution
in hybrid space, or a point-by-point multiplication in image
space, and reconstructing a plurality of coil images from a
plurality of hybrid space data sets or image space data sets.

In yet another aspect of the invention, a MR system has a
computer programmed to obtain a number of fully sampled
calibration k-space data lines from a plurality of 3D MR data
sets and determine reconstruction weights from the calibra-
tion k-space data lines. The computer is also programmed to
perform a 1D Fourier Transform along k., on the calibration
weights to convert the calibration weights to hybrid space and
perform a 1D Fourier Transform along k, on the plurality of
MR data sets to convert the MR data sets from k-space to
hybrid space. The computer then supplements the plurality of
MR data sets in hybrid space with hybrid space calibration
weights and performs a 2D Fourier Transform on the supple-
mented MR data sets to convert each data set to 3D image
space.

Various other features and advantages of the present inven-
tion will be made apparent from the following detailed
description and the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

The drawings illustrate one preferred embodiment pres-
ently contemplated for carrying out the invention.

In the drawings:

FIG. 1 is a schematic block diagram of an MR imaging
system for use with the present invention.

FIG. 2 is a schematic of a coil array usable with the MR
imaging system shown in FIG. 1.

FIG. 3 is a process map illustrating a preferred reconstruc-
tion flow in accordance with one aspect of the invention.

FIG. 4 is a schematic showing that the present invention
obtains a more accurate fit when the reconstruction location is
near the calibration region.

FIG. 5 is a schematic illustrating that the present invention
can determine calibration weights from non-zero-padded
data.

FIG. 6 is a schematic illustrating the variability provided by
the present invention.

FIG. 7 is a process map illustrating the reconstruction flow
in accordance with one aspect of the invention.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENT

The present invention is directed to a parallel imaging
techniquethat is applicable to k-space, hybrid space, orimage
space data. K-space is well-known in the art of MR imaging
as a matrix that functions as, or is equivalent to, a “frequency
domain” repository for positive and negative spatial fre-
quency values that are encoded as complex numbers, e.g.,
a+bi, i=sqrt(-1). That is, the k-space matrix is generally rec-
ognized as the repository for spatial frequency signals
acquired during evolution and decay of an MR echo. The
k-space matrix is typically filled with frequency encoded data
in the k direction by a frequency encode gradient and in the
k, direction by a phase encode gradient, and can also include
phase encoded data in the k. direction by a second phase
encode gradient. Data acquired from the echo is deposited in
the k-space matrix in a row, specifically determined by the
frequency and phase encode gradient strengths applied dur-
ing MR signal evolution. K-space is generally filled one row
atatime in a Cartesian manner. After all the k-space has been
acquired, the elements of the k-space matrix contain position-
ally-dependent phase change variations along the k. (fre-
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quency encode) and k,, (phase encode) direction. A 2D inverse
Fourier transform decodes the frequency domain informa-
tion. The 2D Fourier transform is a two step process. First, a
row-by-row 1D Fourier transform converts each row of
k-space data. After the row-by-row Fourier transform, a col-
umn-by-column 1D Fourier transform is performed. Collec-
tively, the pair of 1D Fourier transforms converts the k-space
data from the frequency domain (k-space data) to the spatial
domain (image space data). An image is then reconstructed
from the image matrix illustrating spatial and contrast char-
acteristics of the object imaged.

“Hybrid space” refers to the intermediate matrix that
results in the performance of one of the 1D Fourier transforms
that comprise the 2D Fourier transform that converts k-space
to image space. In other words, in 2D Fourier imaging, one
Fourier transform is performed in the frequency encoding
direction and another Fourier transform is performed in the
phase encoding direction. The matrix after the first 1D Fourier
transform is considered a “hybrid space”. That is, the data is
no longer “untransformed” and therefore not considered
k-space; however, the data, as a whole, is not yet in the spatial
domain and, thus, not in “image space”.

Referring to FIG. 1, the major components of a preferred
magnetic resonance imaging (MRI) system 10 incorporating
the present invention are shown. The operation of the system
is controlled from an operator console 12, which includes a
keyboard or other input device 13, a control panel 14, and a
display screen 16. The console 12 communicates through a
link 18 with a separate computer system 20 that enables an
operator to control the production and display of images on
the display screen 16. The computer system 20 includes a
number of modules, which communicate with each other
through a backplane 20a. These include an image processor
module 22, a CPU module 24 and a memory module 26,
known in the art as a frame buffer for storing image data
arrays. The computer system 20 is linked to disk storage 28
and tape drive 30 for storage of image data and programs, and
communicates with a separate system control 32 through a
high speed serial link 34. The input device 13 can include a
mouse, joystick, keyboard, track ball, touch activated screen,
light wand, voice control, or any similar or equivalent input
device, and may be used for interactive geometry prescrip-
tion.

The system control 32 includes a set of modules connected
together by a backplane 32a. These include a CPU module 36
and a pulse generator module 38 which connects to the opera-
tor console 12 through a serial link 40. It is through link 40
that the system control 32 receives commands from the opera-
tor to indicate the scan sequence that is to be performed. The
pulse generator module 38 operates the system components
to carry out the desired scan sequence and produces data
which indicates the timing, strength and shape of the RF
pulses produced, and the timing and length of the data acqui-
sition window. The pulse generator module 38 connects to a
set of gradient amplifiers 42, to indicate the timing and shape
of the gradient pulses that are produced during the scan. The
pulse generator module 38 can also receive patient data from
aphysiological acquisition controller 44 that receives signals
from a number of different sensors connected to the patient,
such as ECG signals from electrodes attached to the patient.
And finally, the pulse generator module 38 connects to a scan
room interface circuit 46 which receives signals from various
sensors associated with the condition of the patient and the
magnet system. It is also through the scan room interface
circuit 46 that a patient positioning system 48 receives com-
mands to move the patient to the desired position for the scan.
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The gradient waveforms produced by the pulse generator
module 38 are applied to the gradient amplifier system 42
having Gx, Gy, and Gz amplifiers. Each gradient amplifier
excites a corresponding physical gradient coil in a gradient
coil assembly generally designated 50 to produce the mag-
netic field gradients used for spatially encoding acquired
signals. The gradient coil assembly 50 forms part of a magnet
assembly 52 which includes a polarizing magnet 54 and a
whole-body RF coil 56. A transceiver module 58 in the sys-
tem control 32 produces pulses which are amplified by an RF
amplifier 60 and coupled to the RF coil 56 by a transmit/
receive switch 62. The resulting signals emitted by the excited
nuclei in the patient may be sensed by the same RF coil 56 and
coupled through the transmit/receive switch 62 to a pream-
plifier 64. The amplified MR signals are demodulated, fil-
tered, and digitized in the receiver section of the transceiver
58. The transmit/receive switch 62 is controlled by a signal
from the pulse generator module 38 to electrically connect the
RF amplifier 60 to the coil 56 during the transmit mode and to
connect the preamplifier 64 to the coil 56 during the receive
mode. The transmit/receive switch 62 can also enable a sepa-
rate RF coil (for example, a surface coil) to be used in either
transmit or receive mode.

The MR signals picked up by the RF coil 56 are digitized
by the transceiver module 58 and transferred to a memory
module 66 in the system control 32. A scan is complete when
an array of raw k-space data has been acquired in the memory
module 66. This raw k-space data is rearranged into separate
k-space data arrays for each image and each component coil
to be reconstructed, and each of these is input to a central
processing unit 68 which operates to Fourier transform the
data into an array of image data. This image data is conveyed
through the ethernet link 34 to the computer system 20 where
it is stored in memory, such as disk storage 28. In response to
commands received from the operator console 12, this image
data may be archived in long term storage, such as on the tape
or disk drive 30, or it may be further processed by the image
processor 22 and conveyed to the operator console 12 and
presented on the display 16.

The MR system described in FIG. 1 may also be equipped
with a receive coil array that picks up the MR signals. Such
coil arrays are well-known in the art and include whole body
arrays as well as partial body arrays, such as head coil arrays,
cardiac coil arrays, and spine coil arrays. As will be described,
the invention includes a parallel imaging method wherein a
region or volume of interest is sampled with an array of RF
receive coils. In this regard, the invention is not limited to a
particular coil array type or orientation.

Referring now to FIG. 2, a schematic representation of a
conventional torso RF coil array 70 is illustrated. The torso
RF coil array 70 is a surface coil used to acquire imaging data
for a field-of-view (FOV) and includes eight separate coil
elements 72-79. Each coil element samples the FOV by
detecting changes in excited nuclei in the FOV and transmits
signals indicative of that which is detected to separate data
acquisition channels 80-87, respectively. The data from each
channel is then used to reconstruct a “coil” image 88-95
whereupon the respective coil images are combined into a
composite image 96 using one of a number of known sum-
mation techniques, e.g., sum of squares. One skilled in the art
will appreciate that the coil array illustrated in FIG. 2 is
exemplary and that the invention is not limited to parallel
acquisition using such a coil array.

As is known in the art of parallel imaging, the sensitivity of
each coil element to the FOV can be exploited to accelerate
the data acquisition process. The image data of each coil are
multiplied by the coil sensitivity inherent to each coil ele-
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ment. The corresponding k-space data are convolved with the
Fourier Transform of the spatial coil sensitivity distribution.
The spatial coil sensitivity variation imposed by the indi-
vidual receive coils provides additional spatial encoding
functionality complementary to regular gradient encoding
that is the basis of all parallel imaging methods. In 2D imag-
ing, that sensitivity is exploited to reduce the number of phase
encoding steps in one dimension or direction. In 3D imaging,
that sensitivity can be exploited to reduce the number of phase
encoding steps in up to two dimensions or directions.

The present invention is directed to a parallel imaging
technique that includes a “training phase” and an “application
phase”, similar to that in GRAPPA-based approaches. How-
ever, unlike GRAPPA-based approaches, the present inven-
tion is not limited to performing both the training and appli-
cation phases in the k-space domain. In this regard, the
present invention is not limited to any one data space but
rather has the flexibility to be performed in k-space, hybrid
space, image space, or combinations thereof depending upon
the particulars of the MR study. It is preferred that the “train-
ing phase” take place in either k-space or hybrid space and
that the “application phase” take place in either hybrid space
or image space. Doing so still retains the image quality ben-
efits of a 2D k-space kernel. Specifically, as will be set forth
below, reconstruction with the present invention can take the
form of a 2D convolution in k-space, a 1D convolution in
hybrid space, or a point-by-point multiplication in image
space.

In one embodiment of the invention, the training phase and
the application phase are performed in the same domain. For
example, the entire reconstruction process is performed in
hybrid space. The implementation is shown in FIG. 3 for
exemplary purposes as being for a coil array comprising two
coils. In the illustrated implementation, two separate k-space
data sets 97, 98 are acquired. Each k-space data set comprises
data sampled from areduced FOV by a respective coil. More-
over, each k-space data set includes imaging data lines 99,
100 and calibration data lines 101, 102, respectively. As
shown, each k-space set is undersampled in the phase encod-
ing direction. That is, a reduced number of phase encoding
steps are undertaken so as to reduce scan time. As will be
described, the missing phase encoding lines will be synthe-
sized mathematically from the acquired data. Those skilled in
art will recognize that the calibration data can also be
acquired separately rather than embedded within the scan, so
that full acceleration can be accomplished for the parallel
imaging scan.

The k-space data sets are Fourier transformed in the one
dimension to generate hybrid space data sets 103, 104. Pref-
erably, the 1D Fourier transformations are in the frequency
encoding direction. The reconstruction weights 106 are then
estimated directly from hybrid space data.

Then, in the application phase, missing data in the hybrid
spaces 103, 104, i.e., the undersampled phase encoding loca-
tions, is synthesized efficiently from the acquired imaging
and calibration data in hybrid space by single matrix-vector
multiplication so as to yield complete hybrid spaces 108, 110.
In other words, the phase encoding locations that were not
sampled are filled from the single matrix-vector multiplica-
tion. The hybrid spaces 108, 110 are reconstructed to respec-
tive coil images 112, 114, by application of a 1D Fourier
transformation in the phase encoding direction. This results in
a “coil” image for each coil of the phase coil array. The
individual coil images are then combined to yield a single
composite image 118 of the FOV.

The reconstruction process illustrated in FIG. 3, as men-
tioned above, performs the training and application phases in
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the same domain—the hybrid domain. In this regard, the
kernel weights are applied to MR data that is in the spatial
domain in the frequency encoding direction and in the
k-space domain in the phase encoding direction. In this
embodiment, a 1D Fourier transform is performed along the
frequency encoding direction to convert the sampled k-space
data to hybrid space. The calculation of unique 1D convolu-
tion kernel weights at each frequency encoded position in
hybrid space, however, can be a heavily under-determined
problem that can result in noisy reconstructed images. How-
ever, under the assumption that the coil sensitivity varies
smoothly in the spatial domain, the weights along the fre-
quency encoding direction can be related to one another with
smoothly varying, continuous weight functions represented
by a set of basis functions, e.g. a cosine or B-spline basis set.
Thus, the reconstruction problem becomes well conditioned.
Here, weight functions can be found that reduce fitting errors
and lead to improved image quality. The choice of the basis
set of functions can vary and may depend on various factors,
such as coil configuration. In the training phase, the coeffi-
cients of the basis functions that build the weight functions
are estimated from the fully sampled calibration data in
hybrid space, which amounts to a single matrix inversion
problem. Then, in the application phase, missing data is syn-
thesized efficiently from the acquired data in hybrid space by
a single matrix-vector multiplication.

In another embodiment, the training phase of the recon-
struction process is performed in one domain and the appli-
cation phase of the reconstruction process is performed in
another domain. For example, the 2D k-space kernel weights
can be first determined in k-space, then transformed into
either hybrid space weights or image space weights to be
applied to imaging data that has been similarly transformed
into that space. The implementation of determining kernel
weights ink-space and transforming them into hybrid space is
shown in FIG. 7 for exemplary purposes as being for a coil
array comprising two coils.

In the illustrated implementation, two separate k-space
data sets 138, 140 are acquired. Each k-space data set com-
prises data sampled from an FOV by a respective coil. More-
over, each k-space data set includes imaging data lines 142,
144 and calibration data lines 146, 148, respectively. As
shown, each k-space set is undersampled in the phase encod-
ing direction. That is, a reduced number of phase encoding
steps are undertaken so as to reduce scan time. As will be
described, the undersampled phase encoding steps will be
accounted for mathematically from the acquired data.

The data embodied in the calibration data lines 146, 148 is
used to derive k-space weights 150. Those weights are then
Fourier transformed in one dimension to form a set of hybrid
weights 152. The k-space data sets are Fourier transformed in
the one dimension to generate hybrid space data sets 154, 156.
Preferably, the 1D Fourier transformations are in the fre-
quency encoding direction. Then, in the application phase,
missing data in the hybrid spaces 154, 156, i.e., the under-
sampled phase encoding locations, is synthesized efficiently
from the acquired imaging and calibration data in hybrid
space so as to yield complete hybrid spaces 158, 160. The
hybrid spaces 158, 160 are reconstructed to respective coil
images 162, 164, by application of a 1D Fourier transforma-
tion in the phase encoding direction. This results in a “coil”
image for each coil of the phase coil array. The individual coil
images are then combined to yield a single composite image
166 of the FOV.

Because calculating the 2D k-space kernel weights can be
performed very efficiently in k-space, whereas applying the
weights can be performed most efficiently in image space or
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hybrid space, such a multi-domain approach optimizes net
computational efficiency compared to approaches that oper-
ate entirely in k-space. This is because the 2D convolution in
k-space is replaced by 1D convolutions or multiplications
with the transformed kernel in the hybrid or spatial domain,
respectively.

It is also contemplated that the training phase and applica-
tion phases can be performed entirely in image space,
although the calculation of weights in image space is not as
efficient as in k-space or hybrid space. It should be noted that
this image-based approach differs from conventional
SENSE-based approaches because unlike SENSE, the
present invention does not require sensitivity estimation and;
furthermore, performs a fitting algorithm rather than a direct
matrix inversion to reconstruct images.

The multi-domain approach of determining weights in
k-space and applying them in image space is particularly
preferred for time-series acquisitions. In such a study, the
calibration data is acquired in only the first acquisition. The
determined weights are then applied to the first and subse-
quent acquisitions. In this regard, the subsequent time-series
acquisitions are not burdened by the acquisition of calibration
data. The calibration data and reconstruction weights can be
reacquired and updated periodically throughout the time
series. A drawback to performing the application phase in
image space is that it requires a uniform k-space sampling
density, a condition that can only be achieved with regularly
undersampled data from which the auto-calibration lines
have been removed, resulting in reduced SNR and the inabil-
ity to achieve flexible sampling patterns. Furthermore, the
Fourier transformation of the kernel weights from k-space to
image space is not negligible. However, in the case of time-
series imaging where the auto-calibration data is acquired just
once at the beginning of the scan and then used to reconstruct
a series of time-resolved images at the same location, per-
forming the application phase in image space becomes com-
putationally efficient.

Performing the application phase in hybrid space retains
the flexibility of non-uniform sampling patterns and does not
require the removal of auto-calibration lines. Furthermore, it
allows tailoring the fitting patterns to the particular sampling
pattern to include all available neighboring data, thus improv-
ing the accuracy of the fit. This is in contrast to GRAPPA
which uses the same kernel weights and fitting pattern to
estimate the data for all reconstruction locations. In contrast
to GRAPPA, in hybrid space and k-space the present inven-
tion varies the fitting pattern to include the acquired data
locations in a local neighborhood. As shown in FIG. 4, when
the reconstruction location 120 is near the calibration region
122, the present invention takes advantage of the increase in
locally acquired data to obtain a more accurate fit. In addition,
the present method finds unique weights at the edges of
k-space based solely on the acquired data points, as illustrated
in FIG. 5. As illustrated in FIG. 5, the weights are preferably
found without zero-padding of k-space or hybrid space.

As referenced above, the present invention is directed to a
reconstruction process for parallel imaging that is flexible to
account for various scan goals or parameters, such as com-
putation time, coil configuration, etc. As such, the present
invention can be summarized by the flow map illustrated in
FIG. 6. As shown thereat, kernel weights can be derived in
k-space and either 1D Fourier transformed or 2D Fourier
transformed to hybrid space weights 126 or image space
weights 128, respectively. If the weights are converted to
hybrid weights 126, those weights can then be applied in
hybrid space to remove aliasing 130. On the other hand, the
image space weights are applied in image space to remove



US 7,486,075 B2

11

aliasing 132. As also shown in FIG. 6, the kernel weights can
be determined in hybrid space 134 and applied directly in
hybrid space 130 to remove aliasing similar to that described
in FIG. 3. Each of the above described paths is preferred from
determining and applying the weights in k-space 124, 136.
Further, it is believed the most computationally efficient
approach for most applications, shown with shading, is to
determine the weights from k-space 124, convert those
weights to hybrid space 126, and then apply the weights in
hybrid space 130, similar to that described in FIG. 7.

The present invention provides an efficient reconstruction
of multi-coil MR data with reduced data processing time that
is of sufficient flexibility to account for variations in coil
sizes, orientations, and other scan parameters. It is believed
the advantages of the present invention will be particularly
realized as array sizes increase. The invention is also appli-
cable with 1D accelerated (e.g. for 2D imaging) as well as 2D
accelerated (e.g. 3D imaging) applications. It is also believed
that the present invention provides a cost savings to conven-
tional approaches by reducing hardware requirements. It is
further believed that the invention provides an image quality
improvement relative to previous k-space domain approaches
that did not use all available data to reconstruct missing data.

Accordingly, the invention can advantageously perform
the training and application steps of the reconstruction in data
domains other than exclusively in k-space. Moreover, the
invention offers the flexibility to switch between data
domains between reconstruction steps. For example, the
training phase can be performed in either k-space or hybrid
space and then the application phase can be performed in
either hybrid space or image space. The flexibility of the
invention allows for the reconstruction to be adapted on a per
scan basis as the goals of a scans vary. Moreover, this flex-
ibility allows the reconstruction to take advantage of the
benefits available when working in a particular data space at
each processing step.

Therefore, an MR system comprises a plurality of RF
receiver coils and a computer programmed to determine a
scan parameter to be optimized and access a plurality of MR
data sets acquired with the plurality of RF receiver coils. The
computer is further programmed to determine calibration
weights from the plurality of MR data sets, automatically
determine from which of k-space, hybrid space, or image
space the calibration weights are to be determined, and auto-
matically determine in which of k-space, hybrid space, or
image space to supplement the plurality of MR data sets with
the calibration weights based on the scan parameter to be
optimized.

The present invention is also directed to a computer read-
able storage medium having a computer program for acquir-
ing and reconstructing MR images from a plurality of RF
receiver coils and representing instructions that when
executed by a computer cause the computer to obtain calibra-
tion k-space data lines from a plurality of k-space data sets
acquired with the plurality of RF receiver coils. Each data set
includes MR data encoded in a phase encoded and a fre-
quency encoded direction. The computer is further caused to
determine calibration weights from the calibration k-space
data lines and Fourier Transform the calibration weights in
one dimension. The computer then Fourier Transforms the
k-space data sets in one dimension and applies the trans-
formed calibration weights to the transformed k-space data
sets to synthesize a hybrid space of desired size for each RF
receiver coil. The computer is also programmed to recon-
struct an image from each hybrid space.

A method of parallel imaging is also disclosed as including
the steps of acquiring a k-space data set from each of a
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plurality of receiver coils and acquiring a set of k-space cali-
bration data lines from each of the plurality of receiver coils.
The method also includes the steps of determining kernel
weights from the calibration data lines in k-space and trans-
forming, in one-dimension, the kernel weights and the
k-space data set to hybrid space. The transformed kernel
weights are applied to the hybrid space data sets to synthesize
a plurality of complete hybrid space data sets whereupon the
method continues with reconstructing a respective image
from each of the complete hybrid space data sets.

The invention is also embodied in a method of MR imaging
that includes the steps of estimating a 2D k-space kernel from
k-space data acquired from a plurality of RF receiver coils
and applying the 2D k-space kernel as a 1D convolution in
hybrid space. The method continues with the step of recon-
structing a plurality of coil images from a plurality of hybrid
space data sets synthesized by the 1D convolution.

The invention further includes a method of MR imaging
comprising the steps of acquiring a plurality of k-space data
sets from a plurality of RF receiver coils, acquiring a plurality
of calibration k-space data sets from the plurality of RF
receiver coils, performing a 1D Fourier Transform along a
frequency encode direction to create hybrid space data sets
and hybrid space calibration data sets, and estimating coeffi-
cients of continuous weight functions that build unique sets of
1D hybrid space kernel weights for each location in the fre-
quency encode direction and constrains the 1D hybrid space
kernel weights to vary smoothly. The method further includes
the steps of building the continuous weight functions by a set
of'basis functions suitable for the coil configuration, applying
the 1D hybrid space kernel weights to the hybrid space data
sets as a 1D convolution in hybrid space, or a point-by-point
multiplication in image space, and reconstructing a plurality
of coil images from a plurality of hybrid space data sets or
image space data sets.

A MR system is also disclosed as having a computer pro-
grammed to obtain a number of fully sampled calibration
k-space data lines from a plurality of 3D MR data sets and
determine reconstruction weights from the calibration
k-space data lines. The computer is also programmed to per-
form a 1D Fourier Transform along k, on the calibration
weights to convert the calibration weights to hybrid space and
perform a 1D Fourier Transform along k, on the plurality of
MR data sets to convert the MR data sets from k-space to
hybrid space. The computer then supplements the plurality of
MR data sets in hybrid space with hybrid space calibration
weights and performs a 2D Fourier Transform on the supple-
mented MR data sets to convert each data set to 3D image
space.

The present invention has been described in terms of the
preferred embodiment, and it is recognized that equivalents,
alternatives, and modifications, aside from those expressly
stated, are possible and within the scope of the appending
claims.

What is claimed is:

1. An MR system comprising a plurality of RF receiver
coils and a computer with a computer readable storage
medium programmed to:

determine a scan parameter to be optimized;

determine calibration weights from a plurality of MR data

sets acquired with the plurality of RF receiver coils; and
automatically determine from any one of k-space, hybrid
space, or image space from which the calibration
weights are to be determined and automatically deter-
mine in which of k-space, hybrid space, or image space
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to supplement the plurality of MR data sets with the
calibration weights based on the scan parameter to be
optimized.

2. The MR system of claim 1 wherein the computer is
further programmed to determine the calibration weights
from MR data in either k-space or hybrid space and supple-
ment the plurality of MR data sets with the MR data in either
hybrid space or image space.

3. The MR system of claim 2 wherein the computer is
further programmed to:

obtain a number of k-space calibration data lines from a

plurality of RF receiver coils;

determine calibration weights from the calibration k-space

data lines;
perform a 1D Fourier Transform on the calibration weights
to convert the calibration weights to hybrid space;

perform a 1D Fourier Transform on the plurality of MR
data sets to convert the MR data sets from k-space to
hybrid space;

supplement the plurality of MR data sets in hybrid space

with the hybrid space calibration weights; and
reconstruct an image from each supplemented hybrid
space data set.

4. The MR system of claim 3 wherein the computer is
further programmed to combine images from the plurality of
RF receiver coils to form a composite image.

5. The MR system of claim 1 wherein the scan parameter is
one of computation time, image quality, volume coverage,
spatial resolution, coil configuration, or temporal resolution.

6. The MR system of claim 1 wherein the computer is
further programmed to determine the calibration weights
from calibration k-space data lines acquired either before,
during, or after acquisition of the plurality of MR data sets.

7. The MR system of claim 1 wherein each MR data set has
fewer phase encode locations than is necessary to fulfill the
Nyquist criterion for a prescribed FOV.

8. The MR system of claim 1 wherein the computer is
further programmed to calculate multiple reconstruction ker-
nels for a given RF receiver coil.

9. The MR system of claim 8 wherein the computer is
further programmed to customize the reconstruction kernels
to a sampling pattern at a particular reconstruction location.

10. The MR system of claim 1 wherein the computer is
further programmed to determine the calibration weights and
supplement the plurality of MR data sets in the same domain.

11. The MR system of claim 1 wherein the computer is
further programmed to determine the calibration weights and
supplement the plurality of MR data sets in a different
domain.

12. A computer readable storage medium having a com-
puter program for acquiring and reconstructing MR images
from a plurality of RF receiver coils and representing instruc-
tions that when executed by a computer cause the computer
to:

obtain calibration k-space data lines from a plurality of

k-space data sets acquired with the plurality of RF
receiver coils, each data sets including MR data encoded
and at least one phase encoded direction in a frequency
encoded direction and at least one phase encoded direc-
tion;

determine calibration weights from the calibration k-space

data lines;

Fourier Transform the calibration weights in one dimen-

sion;

Fourier Transform the k-space data sets in one dimension;
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apply the transformed calibration weights to the trans-
formed k-space data sets to synthesize a hybrid space of
desired size for each RF receiver coil; and

reconstruct an image from each hybrid space.

13. The computer readable storage medium of claim 12
wherein the computer is further caused to combine the indi-
vidual coil images into a composite image.

14. The computer readable storage medium of claim 12
wherein the one dimension is in the frequency encode direc-
tion.

15. The computer readable storage medium of claim 12
wherein each data set is defined to have fewer phase encoded
locations than necessary to fulfill the Nyquist criterion for a
prescribed FOV.

16. A method of parallel imaging comprising the steps of:

acquiring a k-space data set from each of a plurality of

receiver coils;

acquiring a set of k-space calibration data lines from each

of the plurality of receiver coils;

determining kernel weights from the calibration data lines

in k-space;

transforming, in one-dimension, the kernel weights and the

k-space data sets to hybrid space;

applying the transformed kernel weights to the hybrid

space data sets to synthesize a plurality of hybrid space
data sets; and

reconstructing a respective image from hybrid space data

sets.

17. The method of claim 16 wherein the step of reconstruct-
ing the respective images includes applying a 1D Fourier
Transform to the complete hybrid space data sets, with the 1D
Fourier Transform applied in a dimension orthogonal to that
along which the kernel weights and the k-space data sets were
transformed.

18. The method of claim 16 further comprising the step of
combining the respective images into a composite image.

19. The method of claim 16 further comprising the step of
determining the kernel weights at edges of k-space solely
from acquired data points.

20. A method of parallel MR imaging comprising the steps
of:

estimating a k-space kernel from k-space data acquired

from a plurality of RF receiver coils;

applying the k-space kernel as a convolution in hybrid

space; and

reconstructing a plurality of coil images from a plurality of

hybrid space data sets synthesized by the convolution.

21. The method of claim 20 wherein the steps of:

estimating a k-space kernel is further defined as either

estimating a 2D or a 3D k-space kernel from the k-space
data; and

applying the k-space kernel is further defined as applying

either a 1D or a 2D convolution in hybrid space depen-
dent a dimension of the k-space kernel.

22. A method of MR imaging comprising the steps of:

acquiring a plurality of k-space data sets from a plurality of

RF receiver coils arranged in a coil configuration;
acquiring a plurality of calibration k-space data sets from
the plurality of RF receiver coils;

performing a 1D Fourier Transform along a frequency

encode direction to create hybrid space data sets and
hybrid space calibration data sets;

estimating coefficients of continuous weight functions that

build unique sets of hybrid space kernel weights for each
location in the frequency encode direction and con-
strains the hybrid space kernel weights to vary smoothly;
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building the continuous weight functions by a set of basis
functions suitable for the coil configuration;

applying the hybrid space kernel weights to the hybrid
space data sets as a convolution in hybrid space, or a
point-by-point multiplication in image space; and

reconstructing a plurality of coil images from a plurality of
hybrid space data sets or image space data sets.

23. A MR system having a computer and readable storage

medium programmed to:

obtain a number of calibration k-space data lines from a
plurality of 3D MR data sets;

determine reconstruction weights from the calibration
k-space data lines;

16

perform a 1D Fourier Transform along k, on the calibration
weights to convert the calibration weights to hybrid
space;

perform a 1D Fourier Transform along k, onthe plurality of
MR data sets to convert the MR data sets from k-space to
hybrid space;

supplement the plurality of MR data sets in hybrid space
with hybrid space calibration weights; and

reconstruct an image from each supplemented hybrid
space data set.



