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DESCRIPTION

METHOD AND APPARATUS FOR ENHANCED MULTIPLE COIL IMAGING

The subject invention was made with government support under a research project
supported by the National Institutes of Health (NIH), Department of Health and Human
Services, Grant Number 5R44 RR11034-03. The government has certain rights in this

invention.

Cross-Reference to Related Application

The present application claims the benefit of U.S. Provisional Application No.
60/299,012, filed June 18, 2001, which is hereby incorporated by reference herein in its

entirety, including any figures, tables, or drawings.

Backeround of the Invention

The subject invention relates to the field of medical technology and can provide
for an improved method of creating composite images from a plurality of individual
signals. The subject invention is particularly advantageous in the field of magnetic
resonance imaging (MRI) where many individual images can be used to create a single
composite image.

In the early stages of MRI development, typical MRI systems utilized a single
receiver channel and radio frequency (RF) coil. In order to improve performance, multi-
coil systems employing multiple RF coils and receivers can now be utilized. During
operation of these multi-receiver systems, each receiver can be used to produce an
individual image of the subject such that if there is n receivers there will be n images.
The n images can then be processed to produce a single composite image.

Many current systems incorporate a sum-of-squares (SOS) algorithm, where the
value of each pixel in the composite image is the square-root of the sum of the squares of
the corresponding values of the pixels from each of the n individual images. Where the
pixel values are complex, the value of each pixel in the composite image is the square-
root of the sum of the magnitude squared of the corresponding pixels from each of the

individual images. In mathematical terms, if n coils produce n signals s=(s, 2, 83, « .., Sn)
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corresponding to the pixel values from a given location, the composite signal pixel is

given by the following equation:

VS-S

Some systems also incorporate measurement and use of the noise variances of each coil.
Each of the n individual channel gains can then be adjusted after acquisition to produce
equal noise variance individual images. Following this procedure, the SOS algorithm can
then be applied. This additional procedure tends to improve the signal-to-noise ratio
(SNR) of the process but may still fail to optimize the SNR of the resultant composite

image. This results in an equation:

JS" [ Diag(N)]™ -8

It can be shown that the SOS algorithm is optimal if the noise covariance matrix
is the identity matrix. In order to further optimize the SNR of the resultant composite
image, it would be helpful to have knowledge of the noise covariance matrix. Optimal
SNR reconstruction in the presence of noise covariance can be summarized by the

following simple equation:

JS"-INT -8

U.S. Patent Nos. 4,885,541 and 4,946,121 discuss algorithms relating to equations which
are similar in form. Typically this method is applied in the image domain, after

acquisition and Fourier transformation into separate images.

Brief Summary of the Invention

The subject invention pertains to a method and apparatus for improved processing
of electrical signals. A specific embodiment of the subject invention can be used with
MRI devices. The subject method and apparatus can be used to combine a plurality of

individual images into a single composite image. The composite image can have reduced
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distortion and/or increased signal to noise ratio. In one embodiment, the subject method
and apparatus can be installed as an aftermarket addition to existing MRI devices in order
to take advantages of the method herein described. In another embodiment, the subject

invention can be incorporated into new MRI devices and/or systems.

Brief Description of the Drawings

Figure 1 shows a schematic representation of a specific embodiment of the subject
invention.

Figure 2 shows a schematic representation ofa épeciﬁc embodiment of the subject
invention.

Figure 3 shows a clinical image superimposed with percent gains of the optimal
SNR with respect to the embodiments shown in Figure 2 pver standard SOS SNR.

Figure 4A shows a flowchart for standard SOS processing.

Figure 4B shows a flowchart for a specific embodiment of the subject invention.

Figure 4C shows a flowchart for a specific embodiment of the subject invention.

Figure 4D shows a flowchart for a specific embodiment of the subject invention.

Detailed Description of the Invention

The subject invention pertains to a method and apparatus for enhanced multiple
coil imaging. The subject invention is advantageous for use in imaging devices, such as
MRIs where multiple images can be combined to form a single composite image. In one
specific embodiment, the subject method and apparatus utilize a novel process of
converting from the original signal vector in the time domain to allow the subject
invention to be installed in-line with current MRI devices.

An MRI device, which could be used with the subject invention, typically has
multiple RF coils and receivers where each coil can produce an image of the subject.
Thus, a preferred first step in the use of a multi-receiver MRI system is to produce n data
sets which could be used to produce n images, one from each of the n receivers employed
by the device. In typical MRI devices, a next step can be to produce a single composite
image using the n individual images. This composite imaging is commonly formed
through the manipulation of the n individual images in a sum-of-squares (SOS)

algorithm. In this process, the value of each pixel in the composite image is the sum of
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the squares of the corresponding values of the pixels from each of the n individual
images. Where the pixel values are complex, the sum- of the value of each pixel in the
composite image is the sum of the magnitude squared of the corresponding pixels from
each of the individual images. In mathematical terms, if n coils produce n signals s=(si,
$2, S3, ..., Sn) corresponding to the pixel values from a given location, the composite

signal pixel is given by the following equation:

VS-S

Some systems also incorporate measurement and use of the noise variances of
each coil. Each of the n individual channel gains can then be adjusted after acquisition to
produce equal noise variance individual images. Following this procedure, the SOS
algorithm can then be applied. This additional procedure tends to improve the signal-to-
noise ratio (SNR) of the process but may still fail to optimize the SNR of the resultant

composite image. This results in an equation:

JS* [ Diag(N)]" - S

It can be shown that the SOS algorithm is optimal if noise covariance matrix is
the identity matrix. In order to further optimize the SNR of the resultant composite
image, it would be helpful to have knowledge of the relative receiver profiles of all the
coils and knowledge of the noise covariance matrix. For illustrative purposes, the noise
covariance matrix can be referred to as N, a nxn Hermitian symmetric matrix. One can
also consider optimal given no a priori knowledge (i.e. no information about the coil
receive profiles). Optimal then considers only the knowledge of the noise covariance
matrix and assumes that the relative pixel value at each location is approximately the
relative reception ability of each coil. It can be shown that the SOS algorithm is optimal
if the noise covariance matrix is the identity matrix. This method can be summarized by

the following simple equation:

JSTCINT-S



WO 03/003037 PCT/US02/19275

10

15

20

25

30

U.S. Patent Nos. 4,885,541 and 4,946,121, which are hereby incorporated herein
by reference, discuss algorithms relating to equations which are similar in form.
Typically this method is applied in the image domain, after acquisition and Fourier
transformation into separate images. In order to further optimize the SNR of the resultant
composite image, it would be helpful to have knowledge of the relative receiver profiles
of all the coils and knowledge of the noise covariance matrix. As the matrix N'is
Hermitian symmetric, N! can therefore be expressed in an alternate form as N = K'K.

This allows the equation above to be rewritten as:

S5 KK s =As' - KK s =/(K"5) K s

This is now in the form:

Therefore, it is as if the conventional SOS algorithm is performed on a new

vector, 3‘ . Viewed another way, this optimal equation is equivalent to a Sum of Squares
operation after a basis transformation to an uncorrelated basis. The new basis can be
considered channels that are noise eigenmodes of the original coil. In a specific
embodiment of the subject invention, the process of converting from the original signal
vector to a new signal vector can be a linear process corresponding to, for example,
multiplication by constant values and addition of vector elements. When only
multiplication by constant values and addition of vector elements are used, the process
can occur before or after Fourier Transformation. That is, the process can occur in the
time domain or in the image domain.

Accordingly, the subject method and apparatus can operate in the time domain to
convert an original signal vector, which is typically in a correlated noise basis, to a new
signal vector, Which can be in an uncorrelated noise basis. In a specific embodiment of
the subject invention, standard reconstruction algorithms for producing composite images

canbe used. These algorithms are already in place on many multi-channel MRI systems.
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In addition, it may be possible to apply other algorithms for spatial encoding such as
SMASH and SENSE with better efficiency.

In a specific embodiment, the subject method and apparatus can incorporate the
processing of each signal with the coil so that the processing does not show to a user,
such as to create the effect of “pseudo coils” having 0 noise covariance. The subject
invention can be implemented via software and/or hardware.

Figure 1 shows a schematic representation of a specific embodiment of the subject
invention. This embodiment can be placed after preamplification and can also be placed
within a specific coil package. The device parameters can be gathered from average
noise covariance data obtained, for example, from tests on typical subjects. Alternatively,
the noise parameters can be obtained internal to the device using noise correlators whose
outputs could be used to set gains or attenuations to produce the desired result.
Alternative embodiments can be placed before preamplifications.

The subject method can allow for a reduction in the number of channels and, in a
specific embodiment, be generalized to an optimal reduction in the number of channels.
In some embodiments, a coil array can have some degree of symmetry. With respect to
coil arrays having some degree of symmetry, there can exist eigenvalues with degenerate
eigenvectors. Generally, two eigenvectors with the same (or similar) eigenvalue can
represent similar effective imaging profiles, often having some shift or rotation in the
patterns. Accordingly, channels with the same eigenvalues can be added with some
particular phase, resulting in little loss in SNR and partially parallel acquisition (PPA)
capability. This can allow for maximizing the information content per channel. In a
specific embodiment, adding the signals from channels with identical (or similar)
eigenvalues, the number of channels may be reduced from n to m, where m <n, channels
with little loss in performance. In a specific embodiment, such a reduction in the number
of channels can be implemented with respect to quadrature volume coil channels. For
example, if two volume coils or modes have fields which are uniform and perpendicular,
then the circularly polarized addition of these fields, for example by adding the fields 90
degrees out of i)11ase, can allow all of the signal into one channel and no signal into the
other channel. In this example, the use of a phased addition associated with the uniform
modes both having the same eigenvalves and being related through a rotation of 90

degrees allows the conversion of two coils to one channel to be accomplished.
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Referring to Figures 4A-4B, a comparison of the standard method for producing a
single composite image from the output signals of N coils to an embodiment of the
subject invention which incorporates a decorrelator into which N signals are inputted and
M signals are outputted, where M <N, such that a single composite image is produced
from the M outputted signals after processing. Figures 4C and 4D show flowcharts for
other embodiments of the subject invention. Figure 4A shows a flowchart for the
standard method of producing a single composite image from the output signals of N
coils in a MRI system. The N signals are preamplified and then mixed to lower
frequencies. The N lower frequency signals are then sampled by A/D converters to
produce N digital signals. 2D Fourier Transforms are applied to the N digital signals
followed by multiplication by N image domain matrices to produce a single composite
image. Figure 4B shows a flowchart for a specific embodiment of the subject invention
similar to the standard method of Figure 4A with the N signals outputted from the
preamplifier inputted to a decorrelator which outputs M signals, where M < N.
Accordingly, the remaining processing shown in Figure 4B is for M signals, rather than
N. ngure 4C shows a flowchart for another specific embodiment of the subject invention
which can implement the “optimal” reconstruction utilizing a software implementation.
In this embodiment, the software implementing the optimal reconstruction is based on the
previously measured noise covariance matrix U, such that processing of the N signals
outputted after processing by the N image domain matrices produces the output image.
Figure 4D shows the flowchart for another specific embodiment in accordance with the
subject invention where, after preamplification and optionl additional amplification, the
N signals from the N coils undergo direct digitization and are inputted to a DSP for 2D
Fourier Transform and matrix operations using the K matrix, where N is the noise
covariance matrix and N=K'K to produce an output image. This approach would be a

more efficient algorithm than prior art would provide.

Example 1
This example describes a 4-channe] hardware RF combiner network which

realizes a basis change to reduced noise correlation. The RF combiner network can
realize a basis change to minimal noise correlation. Such a basis change to minimal noise

correlation can optimize SNR achievable using the Sum-of-Squares reconstruction
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method. The network can be realized using passive RF components. A specific
embodiment was tested specifically using a 4-channel head coil ona 1.5T scanner. SNR
gains of over 30% can be achieved in the periphery, with corresponding loss in
uniformity. Noise correlation can be gréat]y reduced when using the combiner. Results
from the measurements agree closely with software techniques.

A head coil design has demonstrated greater than 20% peripheral SNR gain by
using “optimal” reconstruction offline from raw data. “Optimal” can be defined as
reconstructing with the highest SNR using the signal plus noise as an estimate of the true
signal, but with the full noise covariance matrix taken into account. The standard Sum-
of-Squares reconstruction can be optimized for SNR by employing the noise correlation
matrix. However, there are practicality issues and can be a lack of any substantial gain in
image quality (i.e. 10% or less). The Sum of Squares (with normalized variances) can be
optimal of the noise covariance matrix is diagonal (no correlation between channels). To
achieve this gain in clinical practice, a hardware combiner circuit has been developed to
achieve this SNR gain for a specific coil on a typical MRI scanner without software
modification.

The standard Sum-of-Squares (SoS) reconstruction from an n-channel array for
. . S — Q! — . . .
cach pixelis Pgos — 3 S where § = (s jeeesS ,,) . The optimal reconstruction using

only signal data is S, =$'N “!s where N is the noise correlation matrix. To yield this

optimal result from a standard SoS operation, a signal basis change can be employed.

Since in genmeral N' = N, there exists a K constructed via eigenvalue/vector

decomposition such that N = K'K and so S,,, = s'K™'K'"'s . Thus we can define

A -1 . — QIS e .
S=K'™'S asournew signal vector and Sop, = 8'S which is just a SoS operation.

In hardware, multiplication of the 4 element signal vector s by a matrix is
equivalent to using a 4-in-to-4-out network which in general is complicated by phase
shifts and gain scaling, and must almost certainly be placed after preamplification. The
4-channel head coil used in this example has 4 sets of opposing parallel-combined loops
and was described in King, S.B. ef al. 9™ ISMRM proceedings, p. 1090, 2001, which is
incorporated herein by reference. Its symmetry yields an all-real noise correlation matrix

and corresponding signal basis change matrix of the form shown below:
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1 .5 5 1 -7 1 0 i
5 1 1 -.5 . 71 0 -.7
N = K =
.5 .5 1 .5 70 1 .7
5 —.5 5 1 70 -1 7

The basis change matrix diagonalizes N, so in the new basis there is no noise correlation,
which maximizes SNR.

The =+ 0.7 entries in K are just 3dB attenuations, resulting in the very simple
circuit realization of Figure 2. Each 4-way splitter output is 3dB lower than each 2-way
output so no additional attenuations are needed. The —1 polarity inversions are realized
using baluns. All components are standard RF parts which utilize ferrite cores, so the
circuit was kept far out of the bore.

Images were made using a 1.5T scanner. Figure 3 shows a clinical image
superimposed with percent gains of the hardware-optimal SNR over regular SoS SNR.
The combiner circuit was easily inserted and removed without disturbing the coil to
enable accurate comparisons.

Clearly the SNR gain is mainly in the periphery and the resulting image suffers in
uniformity between the center and the periphery. Hardware results are also in close
agreement with software-optimal reconstruction using normal coil data. Noise correlation
is significantly decreased when using the hardware-optimal combiner, and the matrix is

nearly diagonal as expected:

Noise Correlation Matrices
Normal Coil w Hardware Combiner
1.00 0.50 040 0.11 1.00 0.05 0.12 0.05
0.50 1.00 0.10 0.57 0.05 1.00 0.07 0.15
0.40 0.10 1.00 0.48 0.12 0.07 1.00 0.10
0.11 0.57 048 1.00 0.05 0.15 0.10 1.00

The results of this example illustrate that a hardware De-correlator can be used to



WO 03/003037 PCT/US02/19275

10

10

approximate “optimal” reconstruction using software sums of squares algorithm. Asthe
symmetry of noise covariance entries is more important than particular values, this device
can show robustness across different loading conditions.

SENSE and SMASH reconstruction algorithms use the noise correlation
routinely, so the use of a hardware combiner solely to achieve better SNR is limited.
However, this and similar combiners may find use in reducing computational time and
improving numerical stability in the various new reconstruction algorithms being

developed.

Tt should be understood that the examples and embodiments described herein are
for illustrative purposes only and that various modifications or changes in light thereof
will be suggested to persons skilled in the art and are to be included within the spirit and

purview of this application and the scope of the appended claims.
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Claims
We claim:

. 1. A method of processing magnetic resonance imaging signals from a plurality
of magnetic resonance imaging coils, comprising:determining a noise covariance matrix,
N, of a plurality of magnetic resonance imaging coils;
receiving a corresponding plurality of signals, s=(si, s2, 83, ..., Sp) from the
plurality of coils, wherein the plurality of signals represent a corresponding plurality of
pixel values

for a location;

A A A
calculating a composite pixel value for the location, VS-S where ' =

(K"™s), S=(K"'s) andN=K'K .

2. The method according to claim 1, wherein the noise covariance matrix, N,

of the plurality of magnetic resonance imaging coils is a Hermitian symmetric matrix.

3. The method according to claim 1, wherein (§ =8y, &, . . . ,8;) is produced by
inputting s=(si, S2, ..., Sn) into a circuit, wherein the output of the circuit is
§1=ap, s, thys2t+...+wy s,

§=aps, Thysyt+...+ws s,
§.=ay S, Thysa+...+w, s,

wherein aj, a3, . . . , @y, by, by, . . ,bn, Wi, W, . . ., Wy, are constants.

4. The method according to claim 3, wherein aj, ay, . . . , @y, by, ba, . . by, Wy,

-1
W, . . ., Wpare values of K suchthata;, ay, ..., an, by, b2, .. by, Wi, Wa, . .., Wy are

-1 -1 -1 =1 -1 t-1 1=1 -1 1-1
equal to K[, , K5, K|, Ko 5Ky 5ees Ko sees Kyt 5 Ko 5000 K

In 2 nn ?

respectively.

5. The method according to claim 4, wherein K is constructed via

eigenvalue/vector decomposition of N.
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6. The method according to claim 5, wherein when the eigenvalue/vector

decomposition of N yields one or more eigenvalues with substantially degenerate

eigenvectors, the values of X' " are adjusted such that the output of the circuit is § =

(1,8, ... ,8n) wherem <n.

7. The method according to claim 6, wherein substantially all of the image
information in received signals s=(s;, sp, ..., Sn) is in output signals § =(§;, 8, . . .

Sm).

8. The method according to claim 6, wherein the adjustment of the values of

K" results in the received signals with substantially the same eigenvalues being

added together with a phase.

9. The method according to claim 8, wherein the received signals are received

from quadrature volume coils having fields which are substantially uniform and

substantially perpendicular, wherein the values of X " are adjusted to accomplish the
circularly polarized addition of the two received signals, such that substantially all of

the image information in the two received signals is in one output signal.

10. The method according to claim 4, further comprising:
preamplifying the received signals prior to inputting s=(sy, s2, ..., Sn) into the

circuit.

11. The method according to claim 10, further comprising:
mixing output signal § to lower frequencies;
_ sampling S with a lower frequency by A/D converters to produce a digital S
signal;
applying a 2D Fourier Transform to the digital S signal; and
processing the S signal after 2D Fourier Transforln appli;d with image domain

matrices to produce a plurality of pixel values, S, for a location,
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wherein a composite pixel value for the location, V.S'- S , utilizes § after

processing with image domain matrices.
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