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ACCELERATED MAGNETIC RESONANCE IMAGING

FIELD OF THE INVENTION:
The present invention relates generally to Magnetic Resonance Imaging (MRI),

and more particularly relates to acceleration of MRI using undersampled k-space data.

BACKGROUND

Magnetic Resonance Imaging is based on the absorption and emission of energy
in the radio frequency range. To obtain the necessary MR images, a patient (or other
target) is placed in a magnetic resonance scanner. The scanner provides a uniform
magnetic field that causes individual magnetic moments of spins in the patient or target
to align with the magnetic field. The scanner also includes multiple coils that apply a
transverse magnetic field. RF pulses are applied to the coils that cause the aligned
moments to be rotated or tipped. In response to the RF pulses, a signal is emitted by the
excited spins that is detected by receiver coils.

The resulting data obtained by the receiver coils corresponds to the spatial
frequency domain and is called k-space data. The k-space data includes multiple lines
called phase encodes or echoes. Each line is digitized by collecting a number of
samples (e.g., 128-256). A set of k-space data is acquired for each image frame, and
each k-space data set is converted to an image by passing the data through a fast Fourier
transform (FFT). FIG. 1A shows an example of a full k-space data set with all of the
phase encodes (1, 2, 3...N) acquired.

In several applications of MRI, a time series or sequence of images are obtained
in order to resolve temporal variations experienced by the imaged object. For example,
in cardiac imaging it is desirable to obtain a sequence of images to study the dynamic
aspects of the heart. Ideally, when objects are imaged, all of the spatial information is
obtained as in FIG. 1A. Because this imaging process is slow, methods have been
developed that use only part of the k-space data, while the remainder of the data is
approximated by interpolation or other means. There are numerous types of such

“undersampling” techniques that can be used that acquire only part of the k-space data.
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For example, the k—space data acquisition may obtain only every other line (e.g., even or
odd lines), or fewer lines may be obtained near the boundaries of k-space, while
additional lines are obtained around the center. FIG. 1B shows an example of an
undersampled k-space data set with only the odd phase encodes acquired. Accelerated
imaging refers to fewer samples of k-space are required to reconstruct an image with the
same field-of-view and effective spatial resolution.

Typically, when undersampled k-space data is converted to image space the -
resulting images have aliasing defects called artifacts or ghost artifacts. There are
several filtering techniques to reduce the affects of ghost artifacts. One such scheme is
called UNFOLD (Madore et al., Unaliasing by Fourier-Encoding the Overlaps Using
the Temporal Dimension [UNFOLD], Applied to Cardiac Imaging and fMRI. Magn
Reson Med. 1999 Nov; 42(5):813-28.) UNFOLD acquires half of the k-space lines to
accelerate image acquisition. On the first data set of the sequence, UNFOLD acquires
odd lines of k-space. On the next data set of the sequence, UNFOLD acquires the even
lines of k-space. Such an acquisition process is called a time-varying, alternating
acquisition. The aliasing defects resulting from the even and odd k-space acquisition
are of opposite sign and are almost cancelled out when combined appropriately,
depending on the degree and type of object motion.

Another technique for accelerating MR acquisition is called partially parallel
acquisition. Methods in this category are SENSE (Pruessmann et al., SENSE:
Sensitivity Encoding for Fast MRI. Magn Reson Med. 1999 Nov; 42(5): 952-962.) and
SMASH (Sodickson DK, Manning W. Simultaneous acquisition of spatial harmonics
(SMASH): fast imaging with radiofrequency coil arrays. Magn Reson Med 1997,
38:591-603). SENSE and SMASH use undersampled k-space data acquisition obtained
from multiple coils in parallel. In these methods, the complex data from multiple coils
are combined with complex weightings in such a way as to suppress undersampling
artifacts in the final reconstructed image. This type of complex array combining is
referred to as spatial filtering, and includes combining which is performed in the k-

space domain (as in SMASH) or in the image domain (as in SENSE), as well as
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methods which are hybrids. Rather than alternating acquisition between even and odd
lines as in UNFOLD, SENSE and SMASH use either even lines for all the data sets or
odd lines for all the data sets. In either SENSE or SMASH, it is important to know the
proper weightings or sensitivities of the coils. Coil sensitivities change based on
proximity to the target. Additionally, if the target moves, the coil sensitivities vary. To
obtain the coil sensitivities, a calibration run is typically performed prior to and/or after
the imaging. It is assumed that the sensitivities of the coils remain static. However, in
practice, if the patient moves during the course of the exam, the coil sensitivities
change. Even slight motion, such as breathing, can cause sufficient motion to
compromise the estimated coil sensitivities.

FIGs. 2A and 2B show high-level diagrams of both the UNFOLD and SENSE
filtering techniques. FIG. 2A shows that with the UNFOLD technique, alternating k-
space data is converted to the image domain by a fast Fourier transform. After the
conversion to the image domain, the images contain ghost artifacts and are only one-
half field-of-view. The half field-of-view data is passed through the UNFOLD filter to
obtain a full field-of-view image with the ghost artifacts suppressed. The k-space data
may be supplied by multiple receiver coils as indicated by the multiple input lines to the
fast Fourier transform. For each receiver coil, the UNFOLD filter produces
corresponding output image data.

FIG. 2B shows a similar technique using a SENSE filter. In this technique, even
k-space data, acquired from multiple coils, is passed through a fast Fourier transform to
obtain a half field-of-view image with ghost artifacts. The half field-of-view image is
passed through the SENSE filter to obtain a full field-of-view image with the ghost
artifacts suppressed.

In either imaging technique of FIGs. 2A and 2B, the filter converts a one-half
field-of-view image to a full field-of-view image with ghost artifacts suppressed.

The above mentioned filtering techniques are effective, but the resulting images

may still contain residual ghost artifacts that can obscure part of the image. It is
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desirable to accelerate image acquisition while further suppressing any residual

artifacts.

SUMMARY OF THE INVENTION

The present invention relates to a method and apparatus for accelerating MR
imaging. Undersampled k-space data is used to achieve an R-fold acceleration. Ghost
artifacts that result from undersampling are suppressed by means of combined temporal
and spatial filtering. Additionally, the spatial filter coefficients may be adaptively or
dynamically computed while imaging so that patient movement or other variations in
the sensor coil sensitivity profiles does not unduly affect the image reconstruction.

In one aspect, temporal and spatial filters are combined in series. In this
context, spatial filtering refers to the weighted sum of multi-coil data (either in k-space
or image space). Undersampled spatial spectral data from multiple coils is converted to
image domain data using one of any variety of image reconstruction techniques, such as
fast Fourier transforms. The data is then passed through a series combination of
temporal and spatial filters. The image reconstruction, temporal filtering, and spatial
filtering are linear operations. Consequently, these operations can be performed in
virtually any order. Additionally, a wide variety of temporal and spatial filters can be
used. UNFOLD and SENSE are examples of such temporal and spatial filters.

In another aspect, the spatial filter coefficients are adaptively or dynamically
computed from time-varying, undersampled data acquisition. The spatial filter
coefficients are applied dynamically to a spatial filter, which performs a full field-of-
view image reconstruction. A temporal filter may be combined in series with the spatial
filter to further suppress ghost artifacts, if desired.

Further features and advantages of the invention will become apparent with

reference to the following detailed description and accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A is an example of a k-space data set with all phase encodes acquired.
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FIG. 1B is an example of an undersampled k-space data set.

FIG. 2A is a prior art MRI acceleration technique using an UNFOLD temporal
filter.

FIG. 2B is a prior art MRI acceleration technique using a SENSE spatial filter.

FIGS. 3A — 3F show different embodiments of the invention having a series
combination of temporal and spatial filters.

FIGS. 4A and 4B show time-varying, undersampled k-space data sets that may
be used in accordance with the invention.

FIG. 4C shows a sequence of images generated from the time-varying k-space
data sets of FIGS. 4A, 4B, or some other undersampling scheme.

FIG. 5A is a block diagram according to the invention illustrating an adaptive or
dynamic computation of sensitivity coefficients used in a spatial filter.

FIG. 5B is a block diagram according to the invention for dynamically
computing sensitivity coefficients as in FIG. 5A, but with an additional temporal filter
for further suppressing ghost artifacts.

FIG. 6 is a detailed block diagram further illustrating one technique for
computing the coefficients of FIGS. SA and 5B.

FIG. 7 is a block diagram illustrating the parallel acquisition of k-space data
using multiple receiver coils.

FIG. 8 is a graphic representation showing the average temporal spectrum of a
region of interest and comparing an UNFOLD filtering scheme to filtering schémes

according to the invention.

DETAILED DESCRIPTION
Overview of System
FIGs. 3A through 3F show multiple embodiments of a system 10 for
acceleration of MR acquisition. Each embodiment includes a series combination of a

converter 12, a spatial filter 14, and a temporal filter 16. In this context, spatial filtering
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refers to the weighted sﬁm of multi-coil data (either in k-space or image space). The
converter 12 performs image reconstruction by converting frequency domain data to the
image domain. Temporal filtering, spatial filtering, and image reconstruction are linear
operations and may be performed in any order to achieve equivalent results.
Consequently, FIGS. 3A-3F show different embodiments of the invention with the
converter, spatial, and temporal filters in different orders. Regardless of the ordering, in
each case multi-coil, undersampled, time-varying k-space data is input into the MRI
image reconstruction system and a time sequence of images is produced on the output.
The time sequence of images can be used in a variety of applications to view changes
occurring in time of an imaged object. Such applications include cardiac imaging,
functional MRI, and time-resolved angiography, just to name a few.

The converter 12 performs image reconstruction to convert data in the spatial
spectral domain into image domain data. The most common technique for image
reconstruction is using a fast Fourier transform (FFT). However, other techniques may
be used for image reconstruction as is well-understood in the art.

The spatial filter 14 computes a weighted sum of samples received from
multiple coils. Thus, the spatial filter combines the outputs of the coils with typically
complex weights and adds such weighted outputs together. A wide variety of spatial
filters can be used, and are also referred to as phased array coherent combining. In this
application of accelerated imaging, the array combining is designed by a variety of
methods to suppress ghost artifacts that result from undersampling. Example of array
combining (spatial filtering) include SENSE, SMASH, or methods known as blind
signal separation. Certain methods such as SENSE assume knowledge (or estimate) the
coil sensitivity profiles explicitly, while other methods do not require explicit estimates
of the coil sensitivities but rather are based on the statistical properties of the signals
themselves. The array processing may be applied in the spatial frequency domain (k-
space) as in SMASH, in which missing k-space data is calculated, or in the image

domain as in SENSE, where image domain artifacts are suppressed.



WO 02/48731 PCT/US01/46949

10

15

20

25

-7 -

The temporal filter 16 is defined as any filter that performs a weighted sum
(weighted with an impulse response) over a series of time samples or equivalently
performs a temporal interpolation or smoothing by means of filtering or curve fitting. A
wide variety of temporal filters may be used such as time domain convolution, temporal
frequency domain filter implementations, averaging, integration, temporal interpolation,
or frequency domain equivalents. In this context, methods known as “viewsharing” or
“tricks” are also considered as temporal filters (interpolators) since they may be
expressed equivalently as a weighted sum or other interpolation of k-space with

appropriate zero filling of missing data.

k-space Data Acquisition

FIG. 7 shows that the k-space data is acquired in parallel from multiple receiver
coils 20-23 (sometimes called a phased array of coils) placed around the imaged object
24. The number and spatial location of receiver coils varies based on the particular
application. The k-space data is applied in parallel to the different embodiments of FIG.
3. Receiving data in parallel such as shown in FIG. 7 is a technique well-known in
SENSE and SMASH.

FIGS. 4A and 4B show examples of undersampled, time-varying k-space data
applied to the different embodiments of FIG. 3. FIG. 4A shows that the k-space data is
divided into data sets, such as data sets 26, 28. Each data set has a data acquisition
pattern associated with it. In this case, data set 26 has a pattern generically shown as
“A”. Data set 28 has a pattern generically shown as “B”. The patterns can take a wide
variety of forms. For example, pattern A may represent the acquisition of odd lines of
k-space data, while pattern B represents the acquisition of even lines of k-space data.
Whatever the acquisition pattern, FIG. 4A shows that the overall acquisition is time-
varying because the acquisition patterns differ between data sets. Additionally, the
overall acquisition is interleaved because the acquisition patterns are repeated every
other data set. Interleaving may also take place between larger sets of patterns (e.g.,
ABCABC... or ABCDABCD..., AABBAA..., etc).
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FIG. 4B shows another example of time-varying acquisition of k-space. As with
FIG. 4A, the data acquisition pattern is time-varying acquisition because the data sets
have different acquisition patterns. However, in this case all of the acquisition patterns
are different between the data sets (e.g., random patterns). Ideally, the sampling
technique will be time-varying, meaning it does alternate in some respects (even, even,
even, etc., is an example of a sampling technique that is not time-varying).

There are a wide-variety of possibilities for the data acquisition. For example, a
combination of the two techniques of FIG. 4A and 4B can be used. Undersampling
may also be used in conjunction with other phase encode schemes, such as partial-NEX
(where NEX is the number of excitations or k-space lines) or variable density sampling.
In the case of partial-NEX, a fraction of k-space is skipped (for instance the 1st 25%).
The remaining lines may be undersampled further by sampling even or odd lines of the
remaining fraction of k-space. In the case of variable density sampling, the inner lines
of k-space may be sampled at a different spacing than outer lines. For instance, the
undersampling using even or odd may be applied to the outer portion of k-space while
the mner portion is sampled at the full resolution. Other acquisition techniques (which
are too numerous to list) may also be used as is well-known in the art.

FIG. 4C shows that regardless of the undersampling scheme chosen, the

* resultant output is a time sequence of images 30.

Detailed Example of FIG. 34 Embodiment

In order to limit the length of this description, only FIG. 3A is described further.
The general description of FIG. 3A is readily applicable to the remaining embodiments
of FIG. 3B-3F. Additionally, although a generalized example is discussed below for an
acceleration rate of R=2, the present invention may be applied to any R-fold
acceleration. That is, the number of lines in the phase encode direction of the k-space
acquisition may be expanded R-fold in the final reconstruction using a combination of

temporal and spatial filters in series. The acceleration factor R is not required to be
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integer. The acceleration factor which corresponds to the temporal and spatial filtering
steps individually may not be equal.

In FIG. 3A, undersampled k-space data is applied to the converter 12 to convert
the k-space data to the image domain. The k-space data is supplied by multiple receiver
coils (N), as indicated by the multiple input lines to the converter. The converter 12
produces a series of images, each with ghost artifacts. After the image reconstruction,
the images may only have a oné—half field-of-view (when the acceleration is R=2). The
images are passed to spatial filter 14. The spatial filter combines the images together
using a weighted sum to produce a single image with the artifacts suppressed. ’
Additionally, the image produced by the spatial filter is a full field-of-view image. The
temporal filter 16 receives the full field-of-view image from the spatial filter and further
suppresses ghost artifacts. This process is repeated for multiple k-space data sets to
produce a sequence of images as shown in FIG. 4C.

By combining both temporal and spatial filtering the resulting implementation
achieves a high degree of alias artifact rejection with less stringent requirements on
accuracy of coil sensitivity estimates and temporal lowpass filter selectivity than would
be required using each method individually. Spatial nulling of alias artifacts is
accompanied by noise amplification that results in a loss in signal-to-noise ratio (SNR).
Because the degree of spatial nulling or artifact suppression may be relaxed using the
combined method, this permits a more flexible design tradeoff between null depth and
SNR loss. As an example, one method for achieving this method is accomplished by
regularizing the inverse solution to reduce the ill-conditioning.

To further elaborate on the example of FIG. 3A, assume that the spatial filter 14
is a SENSE filter, the temporal filter 16 is an UNFOLD filter, and the k-space data is
acquired using an interleaved (alternating) pattern. Additionally, the acceleration is
R=2. Of course, the application is not limited to this narrow example and can be
applied to other temporal and spatial filters as already described and at an increased rate

of acceleration.
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The UNFOLD technique is based on acquiring A-space phase encode lines in a
time interleaved fashion, i.e., the sequence acquisition alternates between even and odd
lines to increase the frame rate by a factor of R=2. The images reconstructed from either
the even or odd lines have aliasing, which results from halving the field-of-view. The
sign of the aliased component is alternating, thus the aliased component is shifted in
temporal frequency and may be rejected by means of lowpass temporal filtering.

The SENSE technique exploits the differences in spatial sensitivity of multiple
receiver coils to eliminate the aliased component that results from undersampling 4-
space. The formulation of R=2 sensitivity encoding (SENSE) may be readily extended
to time interleaved k-space acquisition by expressing the reconstructed coil images in

matrix form and including the alternating sign of the aliased component:

fitent) | [s;@y) Sz(x:yiFOV/z){ A, }
el R ; > S m

: : : t
vy LsvGy) syy=FOV/2) F o y=FOV/2,0(-1)

where f(x, y, t) represents the desired sequence of images, ]N’, (x,,1) is the

reconstructed sequence of images for the i-th coil, s; (x,y) is the complex sensitivity
profile for the i-th coil, N denotes the number of coils, and the alternating sign factor

(-1)"is due to the interleaved k-space acquisition. The desired unaliased full field-of-
view images f{,y,t) may be computed from the measured aliased images ]71 x, 1),

assuming the coil sensitivities are known or estimated with sufficient accuracy. The

generalized weighted least squares solution is given by:

fsense =GP Ry 91U R F= UT _ [2]

where T denotes the Nx1 vector of aliased images (for each coil), fsense

denotes the 2x1 vector estimate of unaliased images, S is the estimated sensitivity
matrix, R, is the estimated noise correlation matrix between coils, and U is defined as

the unmixing matrix.
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The phase of the alias artifact (1 in this case) which results from the
interleaved k-space acquisition order does not alter the SENSE formulation (inverse
solution of Eq. 2). However, if the estimates of coil sensitivities are imperfect, there
will be residual artifacts. Any residual artifact will be temporally frequency shifted to
the band edge and thus may be further suppressed by temporal low pass filtering. It
may be readily observed due to the linearity of both UNFOLD and SENSE that the
spatial and temporal filtering operations may be performed in either order. Thus, the

estimate is defined as:

j}TSENSE(x:Y:t)=[fSENSE(x»J”t)] *hpp (6,0 = [U fUNFOLD] (3]

(L) Ly’

where fUNFOL p, i(xyt) = ﬁ (x,y,t) * hypp(x,y,t) is the temporally filtered
image for the i-th coil, zzpr(x,y,2) denotes the temporal lowpass filter impulse response,
and the asterisk (*) denotes the temporal convolution operation. In general, the low
pass filter response, Z7pr(x,y,t), may vary spatially. While either order may be
mathematically equivalent, it is computationally advantageous to temporally filter after
combining the multiple coils (i.e., perform SENSE followed by UNFOLD).

The principle of UNFOLD is to separate the desired component, f{x,y,?), from
the undesired aliased component, f{x,y+FOV/2)(-1)' by means of lowpass temporal
filtering. Each pixel in the aliased image is a mixture of 2 components that share the
same bandwidth. More bandwidth can be allocated to the desired image component if
the aliased image region is relatively static with correspondingly less temporal
bandwidth.

FIG. 8 illustrates the temporal spectrum of a pixel with both desired and aliased
components. The 2-sided spectra is shown to represent the fact that, in general, the
signal is complex and will have an asymmetric spectrym resulting from phase
modulation. In this example, chosen to illustrate the benefit of the FIG. 3A embodiment
(called TSENSE in Figure 8), it is assumed that the aliased region has significant
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motion, and, therefore, the aliased component has a significant bandwidth which
overlaps the spectrum of the desired component. This violates the typical assumption
that when using UNFOLD the peripheral field-of-view should be relatively static. The
use of the UNFOLD method by itself cannot completely suppress the artifact if it is to
provide the increase in bandwidth commensurate with the accelerated imaging speed.
However, temporal lowpass filtering (UNFOLD) does provide a high degree of
suppression at the band edge where the aliased component is the strongest. The SENSE
method provides suppression of the aliased component which is more uniform across
the temporal spectrum (assuming relatively static coil sensitivities).

While the central portion of field-of-view is typically more dynamic (in some
applications) with correspondingly greater temporal bandwidth, the alias artifact due to
the central field-of-view is weaker since it is further from the surface coils. Therefore,
even in the peripheral field-of-view, spatial filtering should be able to provide the
required suppression within the temporal passband. The method still benefits from
temporal lowpass suppression of the stronger average alias component at the band edge.
Therefdre, the lowpass filter may have a fixed (wide) bandwidth over the full field-of-
view, in contrast with the normal UNFOLD bandwidth sharing assumption. In this
case, temporal filtering may be performed in either the image or k-space domains
(equivalent to viewsharing or some Fourier interpolations schemes).

The loss in signal-to-noise ratio (SNR) for reduced k-space acquisition relative
to the full k-space acquisition is proportional to the square root of the acceleration

factor, R. The expression for SNR is given as:

SNR7seNsE = 1/— SNRryLL , [4]
Gsense \ BWunrorp VR

where BWryy;, which equals the sample rate and BWyyrorp = I W(ﬂ| de / |H (0)] 2

for lowpass filter H(f) are the 2-sided noise equivalent temporal bandwidths for full and
reduced FOV k-space acquisitions, respectively, and Gsgysg is the noise amplification
factor which results from the inverse solution. The slight loss in temporal bandwidth
due to the UNFOLD lowpass filter results in a slight SNR gain (BWuynrorp/BWrurL is
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typically 0.8). The SNR loss (1/Gsgyse) due to the ill conditioning of the coil sensitivity
matrix depends on the x,y position, the specific array geometry, and the acceleration

factor.

Dynamically computing sensitivity coefficients

In environments with multiple coils, the spatial filter coefficients are needed to
properly apply a spatial filter. In prior methods, calibration runs were performed prior
and/or subsequent to imaging in order to obtain an estimate of the coefficients.
Unfortunately, the coil sensitivities can change during the imaging time if the object
(patient) moves even small amounts. Consequently, prior techniques often have
inaccurate spatial filter coefficients during imaging.

The present invention provides a technique for adaptively or dynamically
computing the spatial filter coefficients. Thus, the spatial filter coefficients are
computed on-the-fly and substantially at the same time as the spatial filter is generating
the sequence of images.

FIG. 5A shows an example of the system 40 for dynamically computing spatial
filter coefficients. Multicoil, time varying, undersampled k-space data is passed
through an image reconstructor 42, such as a fast Fourier transform. Instead of showing
multiple lines as in FIG. 3, the number of lines in FIGS. 5 and 6 are shown generically
as N. The image data is then passed along two parallel paths. Along one path, the
image data is passed through a {emporal lowpass filter 44. This temporal lowpass filter
typically has a relatively low bandwidth to ensure that residual artifacts are removed.
After passing through temporal lowpass filter 44, the image data is passed to a process
block 46 that computes the spatial filter coefficients. The dynamically computed
coefficients are passed to a spatial filter 48, which is also simultaneously receiving the
image data passed to temporal filter 44. Consequently the spatial filter is receiving
dynamically computed coefficients. The spatial filter is similar to the spatial filters

already described. In certain cases (not shown in Figure 5A), such as partial-NEX
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acquisition, the spatial resolution of the series of images used for computing spatial
filter coefficients may be different than that used for final image reconstruction.

As shown in FIG. 5B, the same technique can be used with a spatial filter and
temporal filter combined in series.

FIG. 6 shows a diagram further elaborating on one way in which the sensitivity
coefficients may be calculated. There are numerous ways to compute sensitivity
coefficients. FIG. 6 shows an example of only one such technique. Those skilled in the
art will readily recognize alternative techniques that can be used.

After receiving the image data from the temporal lowpass filter, the data is
normalized using the root sum of squares image to obtain the raw complex sensitivity
maps (process block 50). The maps are then spatially smoothed to further enhance the
sensitivity maps if required (process block 52). Finally, a general inverse solution to
calculate the spatial coefficients (process block 54).

Having illustrated and described the principles of the illustrated embodiments, it
will be apparent to those skilled in the art that the embodiments can be modified in
arrangement and detail without departing from such principles.

For example, although the spatial and temporal filters are shown directly
coupled together, there may exist intermediate components of hardware or software.

Additionally, the different elements embodying the invention can be performed
in hardware, software, or a combination thereof.

In view of the many possible embodiments, it will be recognized that the
illustrated embodiments include only examples of the invention and should not be taken
as a limitation on the scope of the invention. Rather, the invention is defined by the
following claims. We therefore claim as the invention all such embodiments that come

within the scope of these claims.
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We Claim:
1. A method for acceleration of magnetic resonance imaging to produce
a series of images, comprising:
acquiring undersampled data in a magnetic resonance imaging environment; and
filtering the undersampled data using a series combination of a temporal filter

and a spatial filter to produce the series of images with suppressed artifacts.

2. The method of claim 1, wherein the undersampled data is acquired

using an array of receiver coils.

3. The method of claim 2, wherein the undersampled data is in k-space

and 1s acquired using phase encodes in an interleaved manner.

4. The method of claim 1, wherein the data is k-space data and the
method further includes performing image reconstruction on the k-space data to convert

the data into an image with ghost artifacts.

5. The method of claim 4, wherein the temporal and spatial filters

suppress the ghost artifacts.

6. The method of claim 4, wherein the image reconstruction is achieved

using a fast Fourier transform.

7. The method of claim 1, further including performing image

reconstruction on the data in series with the temporal and spatial filters.

8. The method of claim 7, wherein the temporal filtering, spatial

filtering and image reconstruction can occur in any order.
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9. The method of claim 1, wherein the undersampled data is k-space
data and a phase encode ordering used for undersampling the k-space data is time

varying.

10. The method of claim 1, wherein an R-fold acceleration is achieved.

11. The method of claim 1, wherein at least one of the temporal and

spatial filters receive images that are full field-of-view images.

12. A method for acceleration of magnetic resonance imaging to
produce a series of images, comprising:

acquiring undersampled data from multiple coils in a magnetic resonance
imaging environment;

filtering the undersampled data using a spatial filter to suppress artifacts;
and

dynamically computing spatial filter coefficients and applying the
dynamically computed spatial filter coefficients to the spatial filter while generating the

series of images.

13. The method of claim 12, further including filtering the

undersampled data using a temporal filter combined in series with the spatial filter.

14. The method of claim 12, wherein the undersampled data is k-space
data and a phase encode ordering used for undersampling the k-space data is time

varying, and multiple coils are used to acquire the k-space data.

15. The method of claim 14, further including converting the k-space

data to the image domain using a fast Fourier transform.
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16. The method of claim 15, wherein dynamically computing the spatial
filter coefficients includes filtering the image domain data with a temporal low-pass

filter.

17. The method of claim 14, wherein dynamically computing spatial
filter coefficients includes normalizing the image domain data, smoothing the .
normalized image domain data, and calculating the coefficients using an inverse

solution.

18. The method of claim 12, wherein the dynamically computed spatial
coefficients are computed at substantially the same time that the series of images are

generated.

19. A system for acceleration of magnetic resonance imaging to produce
a series of images, comprising:
multiple coils blaced near a target to be imaged that receive k-space data
representative of the target in the frequency domain;
an image reconstructor that receives the k-space data and converts the k-space
data to the image domain; and
a spatial filter and a temporal filter coupled together in series and coupled in

series to the image reconstructor, the spatial and temporal filters combining to suppress

. ghost artifacts caused by undersampling and to generate an output series of images.

20. The system of claim 19, wherein the spatial filter, temporal filter and

image reconstructor can occur in any order.

Al



WO 02/48731 PCT/US01/46949

1/7

FIG. 1A
FULL K-SPACE (PRIOR ART)
DATA SET |
o
3
2
1
PHASE
ENCODES
FIG. 1B
(PRIOR ART)
UNDERSAMPLED
K-SPACE DATA SET
A N-1

Ol o0 e

PHASE

ENCODES 1




WO 02/48731

PCT/US01/46949
2/7
: - FULL FIELD OF
(PRIOR ART) VIEW IMAGE
WITH GHOST
1/2 FIELD OF VIEW TiEAGTS
IMAGE WITH GHOST SUNPRESSED
ARTIFACTS i
1 — L (
O s> UNFOLD |[—5—>
‘ FOURIER . MNFOLE ;
__* | TRANSFORM . 1
ALTERNATING —> LN
K-SPACE DATA
ACQUISITION
oDD EVEN oDD EVEN
DATA DATA DATA DATA [ X N ]
AcCQ. ACQ. ACQ. ACQ.
(PRIOR ART) FULL FIELD OF
1/2 FIELD OF VIEW VIEW IMAGE
IMAGE WITH GHOST WITH GHOST
ARTIFACTS ARTIFACTS
SUPPRESSED
— .
v ook SENSE |
. FOURIER s SENSE
X TRANSFORM :
—_— >
EVEN
K-SPACE DATA
ACQUISITION

/T

EVEN EVEN EVEN
DATA DATA DATA
ACQ. ACQ. ACQ.

EVEN
DATA o o0
ACQ.




WO 02/48731

377

P

CT/US01/46949

MULTICOIL 10
UNDER-SAMPLED r
K-SPACE DATA
JE— A
5 |CONVERTER [ 5 gpaTiaL remrorac | F1G. 3A
. TOIMAGE |—= > Bl
________.> [ ] .
MULTICOIL
UNDER-SAMPLED 12 14 16
K-SPACE DAT | _
—_— C?.C';'VERTER | TEMPORAL [+ SPATIAL FIG. 3B
. IMAGE | ® 3 Il
. OoMACE | s | FLTER | I | FLTER
_—_ (2 >
MULTICOIL k12 k16 km
UNDER-SAMPLED
K-SPACE DATA
— > >
—————» TEMPORAL |—»| CONVERTER |} apaTiaL FIG. 3C
: FILTER | o | TOIMAGE | ') puver [
[
e .| powmaN |
| — —
MULTICOIL s N 4
UNDER-SAMPLED |
K-SPACE DATA
A4S lALL § »
| TEMPORAL [5>{ sPaTiAL | | CONERTER FIG. 3D
; FILTER | s | FILTER AT —>
———] hd | ol
MULTICOIL D R T\
UNDER-SAMPLED 16 14 12
K-SPACE DATA
————>| SPATIAL TEMPORAL converTer | FIG. 3E
: FILTER [ | FILTER > TOIMAGE [—>
e DOMAIN
MULTICOIL 4 s Npp
UNDER-SAMPLED
K-SPACE DATA
CONVERTER |-'-'|G 3|:
>l SPATIAL O IMAGE TEMPORAL .
: FILTER DOMAIN > FILTER —>
————P>
\14 \12 \_16



WO 02/48731

4/7

FIG. 4A

TIME-VARYING K-SPACE

DATA ACQUISITION WITH

INTERLEAVED SAMPLING
DATA ACG. | DATAACQ. | DATAACQ. | DATAACQ.
PATTERN | PATTERN | PATTERN | PATTERN

DATA ACQUISITION WITH
RANDOM SAMPLING
DATAACQ. | DATAACQ. | DATAACQ. | DATA ACQ.
PATTERN | PATTERN | PATTERN | PATTERN
c D
OUTPUT IMAGE DATA
IMAGE IMAGE IMAGE IMAGE
DATA DATA DATA DATA °
FRAME1 | FRAME2 | FRAME3 | FRAME4

A

B

\26\\ 28

FIG. 4B

TIME-VARYING K-SPACE

PCT/US01/46949



WO 02/48731

PCT/US01/46949

5/7.
46
FIG. 5A \ COMPUTE
UNMIXING
SPATIAL
MULTICOIL TL%“C\‘/?AR;\SL FILTER
UNDERSAMPLED 74N OWPAS —“% COEFFICIENTS
K-SPACE DATA B N
/ IMAGE Y 44j , .
N |RECONSTRUCTION[ /L l N
\ ’ SPATIAL .
A ™  FLTER _
42 \
‘\ 48
40
46
44 \ COMPUTE
FIG. 5B UNMIXING
DERSAMPL o] Towens |es  rLTER
UNDERSAMPLED :
K-SPACE DATA N FILTER \ | COEFFICIENTS
£y IMAGE , AL _ |
N |RECONSTRUCTION 7% l N
SPATIAL TEMPORAL
\ 42 7ol FLTER [T 7| _FLTER [

v




WO 02/48731 PCT/US01/46949

6/7

|
| USE AN
: INVERSE
NORMALIZE SOLUTION TO
SMOOTH RAW
—Z»! USING ROOT- |<» —<»| CALCULATE <41
I'N | SUM-SQUARES [N ESTIMATES | A SPATIAL N
| FILTER
| COEEFICIENTS
|
b o o o e e
20\ FIG. 7
RECEIVER COIL
S
21 \ ”s \
-
RECEIVER COIL RECEIVER GOIL
2 3

RECEIVER COlL\\
4

23

b

K-SPACE DATA



WO 02/48731

PCT/US01/46949

7/7

(a) raw signal
] %sed “P/\ desired
component component

20li () UNFOLD
A A/ll K
30 j *..4— (b) SENSE
401 " 1
<+ (d) TSENSE |
50 Lt , \
-0.5 0 0.5

temporal frequency (Hz)



	Abstract
	Bibliographic
	Description
	Claims
	Drawings

