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ITERATIVE SENSE DENOISING WITH FEEDBACK

The following relates generally to medical imaging. It finds particular
application in conjunction with magnetic resonance (MR) imaging, MR image
reconstruction, and image filtering techniques, and will be described with particular reference
thereto. However, it will be understood that it also finds application in other usage scenarios
and is not necessarily limited to the aforementioned application.

In MR imaging, raw MR data is received from one or more receiving coils
which measure MR signal from tissues of a subject. The receiving coils can include multi-
channel receiving coils which include a spatial overlap in the MR data such as parallel
imaging.

In multi-channel MR scanners, the known art proposes iterative combinations
of denoising and parallel imaging reconstruction such as sensitivity encoding (SENSE),
generalized autocalibrating partially parallel acquisitions (GRAPPA), and the like, which
iteratively reconstruct an image. Feng et. al., “A Rapid and Robust Numerical Algorithm for
Sensitivity Encoding with Sparsity Constraints: Self-Feeding Sparse SENSE”, Magnetic
Resonance in Medicine 64:1078-1088 (2010). Each iteration generates a partially
reconstructed image using the multiple channels of received MR data as input. Typically,
between iterations of the iterative reconstruction, the partially reconstructed image is passed
through a denoising filter. The denoising filter inputs the generated image, and outputs a
denoised image. The denoised image is substituted for the input generated image by the next
iterative reconstruction. No further information is made available to the iterative
reconstruction algorithm regarding the success of or change by the denoising process.

The following discloses a new and improved iterative parallel imaging
denoising filter with feedback which addresses the above referenced issues, and others.

In accordance with one aspect, a magnetic resonance imaging system includes
a denoising unit, and a reconstruction unit. The denoising unit denoises a partially
reconstructed image and provides a measure of a denoising effectivity. The reconstruction
unit iteratively reconstructs received parallel MR data with a parallel imaging reconstruction
technique and, in subsequent iterations, the denoised partially reconstructed image and the

measure of the denoising effectivity to generate an output image.
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In accordance with another aspect, a method of magnetic resonance imaging
includes denoising a partially reconstructed image and providing a measure of an effectivity
of the denoising. The partially reconstructed image is iteratively reconstructed based on
received parallel MR data, the denoised partially reconstructed image and the measure of
effectivity from the denoising.

In accordance with another aspect, a magnetic resonance imaging system
includes one or more processors and a display. The one or more processors are configured to
receive parallel magnetic resonance (MR) data, and reconstruct the MR data into a partial
image. The one or more processors are further configured to denoise the partial image and
provide a spatially localized measure of an effectivity of the denoising, and iteratively
reconstruct an output image using a parallel reconstruction technique based on the MR data,
the denoised partial image, and the spatially localized measure of the effectivity of the
denoising. The display displays the output image.

One advantage is information from the denoising filter is used to improve the
parallel image reconstruction.

Another advantage resides in improved image quality.

Another advantage resides in the reuse of existing hardware and software.

Another advantage resides in the applicability to the spatial overlap in MR
data of multi-channel systems.

Still further advantages will be appreciated to those of ordinary skill in the art
upon reading and understanding the following detailed description.

The invention may take form in various components and arrangements of
components, and in various steps and arrangement of steps. The drawings are only for
purposes of illustrating the preferred embodiments and are not to be construed as limiting the
invention.

FIGURE 1 schematically illustrates an embodiment of the iterative SENSE
denoising with feedback system.

FIGURE 2 flowcharts one method of using an embodiment of the iterative

SENSE denoising with feedback.

With reference to FIGURE 1, an embodiment of the iterative parallel imaging
such as SENSE, with feedback system 1 is schematically illustrated. The system 1 includes a
magnetic resonance (MR) scanning device 2 such as a horizontal bore, open system, c-type

bore, combination and/or hybrid MR scanner. The MR scanning device 2 includes a main
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magnet 4, one or more gradient coils 6, and one or more radio frequency (RF) coils 8. The
main magnet 4 generates a static magnetic field or By field such as a vertical or horizontal
oriented field. The RF coils 8 excite and manipulate magnetic resonance in a subject 10. The
RF coil includes multi-channel coils or coils with a plurality of coil elements. The RF coil
can include a whole body coil with a plurality of independently driven coil elements for
transmit parallel imaging. The RF coil can include one or more local coils such as head coil,
chest coil, prostate coil, knee coil, leg coil, and the like. The RF coil can operate in a transmit
mode which excites the magnetic resonance, or in a receive mode which measures the MR
signal in the subject and transmit the MR data to a plurality of RF receivers 12 for receive
parallel imaging. The gradient coils 6 manipulate and focus the magnetic resonance. SENSE
imaging can include a plurality of channels, such as 8, 16, 32, or the like.

The system includes a sequence control 14, an RF transmit control 16, and a
gradient control 18. The sequence control controls and coordinates the RF transmit control
and the gradient control. The RF transmit control controls the configuration and timing of the
RF coils such as the power, duration, and phase of the RF pulses used to excite magnetic
resonance, and the receiving of the MR signal. The gradient control controls the application
of the gradient fields by the gradient coils.

The system includes a reconstruction unit 20 which reconstructs MR data
received by the RF receivers 12 with a parallel imaging reconstruction technique. A Fourier
transform (FFT) converts the data from the time domain or data space to the spatial domain
or image space. The reconstruction unit iteratively reconstructs the plurality of parallel
Fourier transform data into an image which is stored in an image memory 22. The
reconstruction unit uses a parallel reconstruction algorithm such as SENSE, GRAPPA, and
the like. The parallel reconstruction uses coil sensitivity maps, and the spatial overlap of the
sets of data received by the coil elements to determine data folding locations. For example,
an initial reconstruction inputs the MR data to construct a first noisy partial reconstructed
image from the MR data. The first image is revised based on the MR data in each iteration
until a minimum threshold of change or a threshold number of iterations is reached. When the
threshold is met, the final partial reconstruction image is output as the diagnostic image. The
system includes a denoising unit 24 which inputs the partially reconstructed image from the
reconstruction unit, identifies levels and locations of noise, and removes noise from the
partial reconstruction image before the next reconstruction iteration, e.g. filters the partial

reconstruction image.



10

15

20

25

WO 2014/033207 PCT/EP2013/067885

For example, a SENSE reconstruction can be described by

Doy =(S" WS+ AN (S M+ A (P, +(I—F) (P, —p.))), whereby the A, are
i+l i i i i if i

caleulated as A, =(s"w's+A% J' AL (s"w s+ AL + (- EY' D1~ £)", with initial
value AO = R (the “regularization matrix”, which is an indication of a-priori knowledge on
tissue-presence). The symbol bi represents the knowledge on the “damage inflicted by the

filter”. If that is unknown, it can be estimated as ﬁiz(l —F))F, -diag(C,), with

C = (Sh‘P_lS + A Tl (Sh‘P_lS)(Sh‘P_lS + A} )_1 . In these expressions, p can be the
calculated pixel value, with initial value p, =0, and p, its estimate after the i-th SENSE
iteration; p,. is the result after denoising thereof. S is the coil sensitivity, the superscript %
refers to a hermitian conjugate; W is the noise covariance in the original data m, F is the
estimate of the filter effectivity expressed as a matrix, and m=Sp+nr or the data as
measured expressed as a vector over the number of coil elements. One may choose to simply

the expression by approximating ¥ as a diagonal matrix or the identity matrix. The estimate
of the locally achieved noise reduction can be expressed in the diagonal element of F as a
relative measurement.

According to another aspect of the present invention, the first iteration of a

SENSE reconstruction can alternatively be described by
Dy =P H(S"YTS+(FC,F) ™)' S"™W ™ (m—Sp,;) where p, is the image after one iteration,
p1¢ is the initial image p; after denoising by the filter f, S is the coil sensitivity map and S™
is the Hermitian transpose of S, F is the estimate of the filter effectivity expressed as a

matrix, W is the noise covariance matrix that expresses covariances between the noise of the

measured data, and m=Sp+n or the data as measured expressed as a vector over the

number of coil elements. C, can be approximated as C, = (S"¥~'S)™", or, more precisely, as
C =(s"ws+ AL (s"ws)(s ¥ s+ A7 ). One may choose to simplify the expression

by approximating ¥ as a diagonal matrix or the identity matrix. The estimate of the locally

achieved noise reduction can be expressed in the diagonal element of F as a relative

measurement or include the diagonal element of C, as an absolute measurement, e.g. by

directly providing (FC.F)™".
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The denoising unit 24 includes a filter to remove noise from the partially
reconstructed image. The denoising unit can use denoising filters such as directional adaptive
noise and artifact reduction filter, e.g. a filter sold under the tradename PicturePlus™ (see,
e.g., EP0815535), and the like. The denoised image is substituted for the partially
reconstructed image. The denoising unit includes a measure of the effectiveness of the
denoising filter processing as feedback which is stored in a denoising information memory
26. Optionally, the denoising filter can provide information on a level of damage inflicted by
the denoising filter 26a. The measure of effectiveness can include an estimate of a locally
achieved level of denoising. This can pertain to situations where the process of reconstructing
an MR image (or image series) has resulted in the following situation: the noise at any point
in the image is correlated with the noise at a discrete set of distant points in that image. The
word “distant” is to exclude the situation where the noise of a point correlates with the noise
in its immediate neighborhood, which is usually the case in all MR images.

Such a situation can occur in practice if the image is a result of a parallel-
imaging reconstruction of data that has been regularly subsampled in measurement space.
Most frequent examples of such processing are called SENSE and GRAPPA. The “discrete
set of distant points” then refers to points that are each one folding-distance apart, which is
typically the field-of-view divided by the reduction-factor; we can also express it as 1/k-
space-step of the acquisition. Typically, that distance is around 100mm.

According to an aspect of the present invention, in a second iteration of the
image-formation, the processing result on one point is made dependent on the information of

the filter-effectivity on the “other” points, i.c., those points that have correlated noise to the

~

one point. F, can represent the “local filter ineffectivity of the denoising”. Here, the

“information on filter-effectivity” can be expressed in following forms:
e For every location, an estimate on how much noise has been removed by the

denoising-filter (either in a relative or in an absolute sense). This can be expressed
as (the diagonal element of) F (‘relative’), resp. the root of the diagonal element of
C, times the diagonal element of F (‘absolute”).

¢ For every location, an estimate on how much noise remains after the denoising-
filter.

¢ A new estimate of noise covariances after the denoising-filter operation, ¢.g., as

ﬁClﬁ , or directly as (ﬁClﬁ)_] .
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¢ For every location, an estimate on how much information on anatomical structure
has been removed (or damaged, affected) by that denoising-filtering processing (or
the inverse thereof, i.e. how much remains unaffected).
That information can often be extracted from the (algorithm of the) denoising operation.
Examples thereof are provided:
e With reference to Guido Gerig, Olaf Kiibler, Ron Kikinis and Ferenc A. Jolesx,
Nonlinear Anisotropic Filtering of MRI Data, IEEE-TMI, vol 11(2), 221-232 (1992)

(“Gerig”), the filterineffectivity can correspond to (1—A¢- Zc), where Zc can be

A A
shorthand for c(x+%,y,z‘)+c(x—%,y,t)+c(x,y+7y,t)+c(x,y—7y,t), and the

function ¢ is defined by equation (2) or (3) of the cited document.
¢ With reference to Punam K. Saha, Jayaram K. Udupa, Scale-Based Diffusive Image

Filtering Preserving Boundary Sharpness and Fine Structures, IEEE-TMI, vol.
20(11), 1140-1155 (2001) (“‘Saha™), referring to eq. (8) of the cited document, the

filter ineffectivity can be seen as | 5 .
Z w.(c,eV)

€EB, oy ()

e With reference to EP815535 (“Aach”), the filter ineffectivity can be linked to 1-w,
where w is the average of the two vector elements of w,_, as expressed at the end of

column 9 (paragraph 0035) of the cited document.

The measure of effectiveness can include an estimate of how much noise
remains. The measure of effectiveness can also include an estimate of local structure
degradation. For example, the estimate can include the amount at each location of an
anatomical structure removed, damaged, and/or affected. In another example the estimate
includes the amount of anatomical structure at each spatial position that is preserved and/or
unaffected. In another example, for every location, an estimate on how much noise has been
removed by the denoising-filter (either in a relative or in an absolute sense) can be provided.
In yet another example, for every location, an estimate on how much noise remains after the
denoising-filter can also be provided. Alternatively, the measure of effectiveness can include
a new estimate of noise covariances after the denoising-filter operation. Additionally, for
every location, an estimate on how much information on anatomical structure has been
removed (or damaged, affected) by that denoising-filtering processing (or the inverse thereof,
1.e. how much remains unaffected) can also be provided. The denoising information F can be

represented as a matrix of values such as a range between 0 and 1 for each image location

6
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where a value of zero represents all noise being removed from the image location to a value
of one representing no change to the partially reconstructed image. The reconstruction unit 20
uses the information about the effectiveness of the filter to adjust the parallel reconstruction
such as revising the regularization estimate, adding an additional channel of data to the
parallel reconstruction, and the like. The filtering can be increased in noisy regions and
decreased in noise free regions.

The system includes one or more processors 28 such as in a workstation 30.
The workstation 30 includes the electronic processor or electronic processing device 28, the
display 32 which displays the image, menus, panels, and user controls, and the at least one
input device 34 which inputs the healthcare practitioner selections. The workstation 30 can be
a desktop computer, a laptop, a tablet, a mobile computing device, a smartphone, and the
like. The input device 34 can be a keyboard, a mouse, a microphone, and the like. The
display 32 includes a computer monitor, a television screen, a touch screen, tactile electronic
display, Cathode ray tube (CRT), Storage tube, Flat panel display, Vacuum fluorescent
display (VF), Light-emitting diode (LED) displays, Electroluminescent display (ELD),
Plasma display panels (PDP), Liquid crystal display (LCD), Organic light-emitting diode
displays (OLED), a projector, and the like.

The reconstruction unit 20 and the denoising unit 24 are suitably embodied by
an electronic data processing device, such as the electronic processor or electronic processing
device 28 of the workstation 30, or by a network-based server computer operatively
connected with the workstation 30 by a network, or so forth. The reconstruction unit 20 is
adaptable to distributed processing techniques such as distributed processors or multi-core
processors. Moreover, the FFT, parallel reconstruction and denoising techniques are suitably
implemented using a non-transitory storage medium storing instructions (e.g., software)
readable by the eclectronic data processing device and executable by the eclectronic data
processing device to perform the disclosed FFT, parallel reconstruction, and denoising
techniques.

With reference to FIGURE 2, one method of using an embodiment of the
iterative parallel reconstruction with denoising feedback is flowcharted. In a step 36, MR
data is received by the RF receivers 12. The MR data includes multi-channel MR data from
the RF coils 8. The MR data is transformed to image space, ¢.g. with a FFT, in a step 38 by
the one or more processors 28.

The MR data processed by the FFT is partially reconstructed by the

reconstruction unit 20 in a step 40. The reconstruction unit 20 partially reconstructs the image

7
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stored in a memory 22 using parallel reconstruction techniques such as SENSE, GRAPPA
and the like. The initial reconstruction generates the image from the FFT processed MR data.
Subsequent iterations revise the image based on the FFT transformed MR data, the image
after denoising, and feedback from the denoising unit 24. The feedback from the denoising
can be used to revise the regularization estimate. The feedback can be included in the parallel
reconstruction technique as an additional channel of data. The decision to iterate the
reconstruction is performed in a step 42. The decision is based on the parallel reconstruction
technique employed and uses a threshold minimum change in the image or a threshold
number of iterations.

The image from the parallel reconstruction is filtered for noise by the
denoising unit 24. The denoising filter denoises the image and provides a spatially localized
measure of the filter effectiveness. The measure of effectiveness provides the feedback to the
reconstruction unit 20. The measures of effectiveness or filter effectivity can include
estimates of local achieved levels of denoising. The measures can include estimates of local
structure degradation. The measure can be expressed as a matrix of values.

The image from the parallel reconstruction can be displayed on the display 32
or store in a storage management system such as a Picture Archiving and Communication
System (PACS), Radiology Information System (RIS), and the like.

It is to be appreciated that in connection with the particular illustrative
embodiments presented herein certain structural and/or function features are described as
being incorporated in defined elements and/or components. However, it is contemplated that
these features may, to the same or similar benefit, also likewise be incorporated in other
elements and/or components where appropriate. It is also to be appreciated that different
aspects of the exemplary embodiments may be selectively employed as appropriate to
achieve other alternate embodiments suited for desired applications, the other alternate
embodiments thereby realizing the respective advantages of the aspects incorporated therein.

It is also to be appreciated that particular elements or components described
herein may have their functionality suitably implemented via hardware, software, firmware
or a combination thereof. Additionally, it is to be appreciated that certain elements described
herein as incorporated together may under suitable circumstances be stand-alone elements or
otherwise divided. Similarly, a plurality of particular functions described as being carried out
by one particular element may be carried out by a plurality of distinct elements acting
independently to carry out individual functions, or certain individual functions may be split-

up and carried out by a plurality of distinct elements acting in concert. Alternately, some

8
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clements or components otherwise described and/or shown herein as distinct from one
another may be physically or functionally combined where appropriate.

In short, the present specification has been set forth with reference to preferred
embodiments. Obviously, modifications and alterations will occur to others upon reading and
understanding the present specification. It is intended that the invention be construed as
including all such modifications and alterations insofar as they come within the scope of the
appended claims or the equivalents thereof. That is to say, it will be appreciated that various
of the above-disclosed and other features and functions, or alternatives thercof, may be
desirably combined into many other different systems or applications, and also that various
presently unforeseen or unanticipated alternatives, modifications, variations or improvements
therein may be subsequently made by those skilled in the art which are similarly intended to

be encompassed by the following claims.



WO 2014/033207 PCT/EP2013/067885

CLAIMS:

What is claimed is:
1. A magnetic resonance imaging system (1), comprising:

a denoising unit (24) which denoises a partially reconstructed image and
provides a measure of a denoising effectivity; and

a reconstruction unit (20) which iteratively reconstructs received parallel MR
data with a parallel imaging reconstruction technique and, in subsequent iterations, the
denoised partially reconstructed image and the measure of the denoising effectivity to

generate an output image.

2. The system (1) according to claim 1, wherein the iterative reconstruction includes

sensitivity encoding (SENSE).

3. The system (1) according to either one of claims 1 and 2, wherein the measure includes an

estimate of a locally achieved level of denoising.

4. The system (1) according to any one of claims 1 — 3, wherein the measure includes an

estimate of local structure degradation.
5. The system (1) according to any one of claims 1 — 4, wherein the measure includes a
matrix of values which represent the amount of noise removed for each partially

reconstructed image location.

6. The system (1) according to any one of claims 1 — 5, wherein the measure revises a

regularization estimate of the iterative reconstruction.

7. The system (1) according to any one of claims 1 — 6, wherein the iterative reconstruction

includes the measure as an additional input channel.

10



WO 2014/033207 PCT/EP2013/067885

8. The system (1) according to any one of claims 1 — 7, wherein the iterative reconstruction
includes p,,, =(S"P'S+ AN (S 'm+ AN (P, +(I—E) (e —D,)), , where p;,,is the

next iteration image of p;, S is a coil sensitivity matrix, S” is the Hermitian transpose of S.

9. The system (1) according to any one of claims 1 — 8, wherein the received MR data

includes MR data from a plurality of folding locations.

10. A method of magnetic resonance imaging, comprising:

denoising (44) a partially reconstructed image and providing a measure of an
effectivity of the denoising;

iteratively reconstructing (40) the partially reconstructed image based on
received parallel MR data (36), the denoised partially reconstructed image and the measure of

effectivity from the denoising.

11. The method according to claim 10, wherein iterative reconstructing (40) includes

sensitivity encoding (SENSE).

12. The method according to either one of claims 10 and 11, wherein denoising (44) includes:

estimating locally achieved level of denoising.

13. The method according to any one of claims 10 — 12, wherein denoising (44) includes:

estimating local structure degradation.

14. The method according to any one of claims 10 — 13, wherein denoising (44) includes:
constructing a matrix of values which represent the amount of noise removed

for each image location.

15. The method according to any one of claims 10 — 14, further including:
revising a regularization estimate of the iterative reconstruction based on the

denoising.

16. The method according to any one of claims 10 — 15, wherein iterative reconstruction uses

an additional input channel which includes measures of denoising effectiveness.

11
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17. A non-transitory computer-readable storage medium carrying software which controls
one or more electronic data processing devices (28) to perform the method according to any

one of claims 10-16.

18. An electronic data processing device (28) configured to perform the method according to

any one of claims 10-16.

19. A magnetic resonance imaging system (1), comprising:

one or more processors (28) configured to:

receive (36) parallel magnetic resonance (MR) data;

reconstruct (40) the MR data into a partial image;

denoise (44) the partial image and provide a spatially localized
measure of an effectivity of the denoising;

iteratively reconstruct an output image using a parallel reconstruction
technique based on the MR data, the denoised partial image, and the spatially
localized measure of the effectivity of the denoising; and

a display (32) which displays (48) the output image.

12
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