woO 2012/131520 A2 |[IN I N0F 00 0000 0 O A

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

4 October 2012 (04.10.2012)

WIPOIPCT

(10) International Publication Number

WO 2012/131520 A2

(51
eay)

(22)

(25)
(26)
(30)

1

(72)
(73)

74

31

International Patent Classification: Not classified

International Application Number:
PCT/IB2012/051266

International Filing Date:
16 March 2012 (16.03.2012)

Filing Language: English
Publication Language: English
Priority Data:

61/468,126 28 March 2011 (28.03.2011) US
Applicant (for all designated States except US):

KONINKLIJKE PHILIPS ELECTRONICS N.V.
[NL/NL]; Groenewoudseweg 1, NL-5621 BA Eindhoven

(NL).

Inventor; and

Inventor/Applicant (for US only): BROWN, Kevin
[US/US]; c/o PHILIPS IP&S - NL, High Tech Campus 44,
NL-5656 AE Eindhoven (NL).

Agents: VAN VELZEN, Maaike et al.; Philips IP&S -
NL, High Tech Campus 44, NL-5656 AE Eindhoven (NL).

Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,

(84)

DZ, EC, EE, EG, ES, FI, GB, GD, GF, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SC, SD,
SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR,
TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU,
TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,
SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
GW,ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:

as to applicant'’s entitlement to apply for and be granted a
patent (Rule 4.17(i1))

as to the applicant's entitlement to claim the priority of the
earlier application (Rule 4.17(iii))

Published:

without international search report and to be republished
upon receipt of that report (Rule 48.2(g))

(54) Title: CONTRAST-DEPENDENT RESOLUTION IMAGE

(57) Abstract: A method for processing one or more reconstructed images includes receiving a first reconstructed image having a
first image resolution and receiving a second reconstructed image having a second image resolution. The first resolution is greater
than the second resolution. The method further includes generating a contrast-dependent resolution image by combining the first and
second reconstructed images single image so that the first reconstructed image contributes to a greater degree to the contrast-depend -
ent resolution image for higher contrasts regions of the images and the second reconstructed image contributes to a greater degree to
the contrast-dependent resolution image for lower contrasts regions of the images.



WO 2012/131520 PCT/IB2012/051266

CONTRAST-DEPENDENT RESOLUTION IMAGE

FIELD OF THE INVENTION
The following generally relates to generating an image, from reconstructed
images, that includes contrast-dependent resolution and is described with particular
application to computed tomography (CT), however, the following is also amenable to
other imaging modalities such as hybrid PET/CT and/or MRI/CT systems, a digital x-ray

system, and/or other imaging modality.

BACKGROUND OF THE INVENTION

A computed tomography (CT) scanner includes an x-ray tube mounted on a
rotatable gantry that rotates around an examination region about a longitudinal or z-axis.
The x-ray tube emits radiation that traverses the examination region and a subject or object
therein. A detector array subtends an angular arc opposite the examination region from the
x-ray tube. The detector array detects radiation that traverses the examination region (and
the subject or object therein) and generates projection data indicative thereof. A
reconstructor reconstructs the projection data and generates volumetric image data
indicative thereof.

Unfortunately, CT scanners emit ionizing radiation and thus expose the
patient to ionizing radiation, which may increase risk of cancer. Generally, the radiation
dose deposited in the patient depends on multiple factors, including, but not limited to, tube
current (mAs), tube voltage (kVp), exposure time (for helical scans), and slice thickness
and spacing (for axial scans). As such, the deposited dose can be reduced by adjusting one
or more of the above. However, image noise is inversely proportional to radiation dose,
and thus reducing radiation dose not only reduces the dose deposited in the patient but also
increases image noise in the acquired data, which is propagated to the images during
reconstruction, reducing image quality (i.e., noisier images), which may degrade the
diagnostic value of the procedure.

One approach to mitigating the increased noise is to use a statistical iterative
reconstruction technique such as the Maximum Likelihood (ML) approach with a strong
penalty on the noise in the image (e.g., a “penalized likelihood” or “regularization”

approach). However, for low-contrast objects, ¢.g., where the contrast level is near the
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noise level, the regularization results in edges that may appear sharp in a single realization
of noise, but actually contain a large amount of uncertainty due to the noise. This can be
seen in FIGURE 1, in which profiles 102 represents a sharp FBP reconstruction of a low
contrast region of a scanned object and profiles 104 and 106 represent regularized ML
iterative reconstructions of the low contrast region of the scanned object. As can be seen,
the ML the profiles 104 and 106 have lower resolution than the FBP profile 102, and the
mean of ML profiles 104 and 106 is less sharp than the FBP profile 102.

For multiple realizations of the noise, the heavily regularized images exhibit
a contrast-dependent resolution in which, in the mean image, the regularized image will
have a resolution less than but closer to that of a conventional filtered-backprojection
(FBP) image with a very smooth filter in low-contrast regions while retaining a much
sharper resolution in high contrast regions. Unfortunately, the forward and back projection
operations of a regularized-likelihood iterative reconstruction are computationally
expensive, even with acceleration of parallel hardware such graphic processing units
(GPUs). As a consequence, iterative regularized-likelihood based reconstructions come
with a large computational cost, which may hinder or prohibit their use in routine medical

diagnostic practice.

SUMMARY OF THE INVENTION

Aspects of the present application address the above-referenced matters and
others.

According to one aspect, a method for processing one or more reconstructed
images includes receiving a first reconstructed image having a first image resolution and
receiving a second reconstructed image having a second image resolution. The first
resolution is greater than the second resolution. The method further includes generating a
contrast-dependent resolution image by combining the first and second reconstructed
images into a single image so that the first reconstructed image contributes to a greater
degree to the contrast-dependent resolution image for higher contrast regions of the images
and the second reconstructed image contributes to a greater degree to the contrast-
dependent resolution image for lower contrast regions of the images.

According to another aspect, a system includes a contrast-dependent

resolution image generator that generates a contrast-dependent resolution image by
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selectively blending a first reconstructed image having a first resolution and a second
reconstructed imaged having a second resolution based on a contrast-dependent resolution
weighting function.

According to another aspect, a computing readable storage medium encoded
with computer readable instructions, which, when executed by one or more processors of a
computing system, cause the computing system to selectively combine, in a single
iteration, higher and lower resolution reconstructed images having regions of higher and
lower contrast so as to generate a contrast-dependent resolution image with similar
contrast-dependent resolution properties as a image generated using multiple iterations of a

regularized iterative reconstruction.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention may take form in various components and arrangements of
components, and in various steps and arrangements 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 graphically illustrates profiles for filtered backprojection (FBP)
and penalized/regularized Maximum Likelihood (ML) iterative reconstructions for a low
contrast region of a scanned object.

FIGURE 2 schematically illustrates an example imaging system in
connection with an image data processor and a contrast-dependent resolution image
generator.

FIGURE 3 schematically illustrates an example of the image data processor,
the contrast-dependent resolution image generator, and an image combiner.

FIGURE 4 schematically illustrates an example of a weighting matrix
generator of the contrast-dependent resolution image generator.

FIGURE 5 illustrates an example method for processing imaged data and
generating a contrast-dependent resolution image there from.

FIGURE 6 graphically illustrates a profile for the contrast-dependent
resolution reconstruction described herein relative to profiles for filtered backprojection
(FBP) and the multi-iterative Maximum Likelihood (ML) reconstructions for a low

contrast region of a scanned object.
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DETAILED DESCRIPTION OF EMBODIMENTS

FIGURE 2 illustrates an imaging system 200 such as a computed
tomography (CT) scanner. The imaging system 200 includes a generally stationary gantry
202 and a rotating gantry 204. The rotating gantry 204 is rotatably supported by the
stationary gantry 202 and rotates around an examination region 206 about a longitudinal or
z-axis 208.

A radiation source 210, such as an x-ray tube, is rotatably supported by the
rotating gantry 204. The radiation source 210 rotates with the rotating gantry 204 and
emits radiation that traverses the examination region 206. A source collimator includes
collimation members that collimate the radiation to form a generally cone, fan, wedge or
otherwise shaped radiation beam.

A one or two-dimensional radiation sensitive detector array 212 subtends an
angular arc opposite the radiation source 210 across the examination region 206. The
detector array 212 includes a plurality of rows of detectors that extend along the z-axis 208
direction. The detector array 212 detects radiation traversing the examination region 206
and generates projection data indicative thereof.

A patient support 214, such as a couch, supports an object or subject such as
a human patient in the examination region 206. The support 214 is configured to move the
object or subject for loading, scanning, and/or unloading the object or subject.

A general-purpose computing system or computer serves as an operator
console 216. A processor of the console 216 executes computer readable instructions
stored on computer readable storage medium (e.g., physical memory), which allows an
operator to control operation of the system 200 such as selecting a full dose or low dose
scan protocol, generating a contrast-dependent resolution image, initiating scanning, etc.

A reconstructor 218 reconstructs the projection data and generates
volumetric image data indicative thereof. The reconstructor 218 may employ a
conventional filtered-backprojection reconstruction, a cone beam algorithm, an iterative
algorithm and/or other algorithm. Furthermore, the reconstructor 218 may be utilized to
generate images with higher, lower and/or other resolutions.

An image data processor 220 processes the image data. The illustrated

image data processor 220 includes at least a contrast-dependent resolution image generator
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222. In one instance, the contrast-dependent resolution image generator 222 combines or
otherwise blends reconstructed images differing in resolution into a single image using a
contrast-dependent resolution weighting function. The reconstructed images include a
higher resolution image and a lower resolution image generated from the higher resolution
image, or higher and lower resolution image reconstructions reconstructed from the same
projection data. Moreover, the images can include both higher and lower contrast regions
and/or objects.

As described in greater detail below, the above-noted weighting function
applies a higher weight to the higher resolution image (and thus a lower weight to the
lower resolution image) for higher contrasts regions of the images, and that applies a
higher weight to the lower resolution image (and thus a lower weight to the higher
resolution image) for lower contrasts regions of the images. In one instance, the resulting
image has similar properties of contrast-dependant resolution as a regularized iterative
reconstruction, but with much less computational cost. Furthermore, the edges in a single
reconstruction image will give a more accurate reflection of the true accuracy with which
the edge is known, instead of the somewhat false impression of a reliable edge which is
given by a traditional regularized iterative image. Moreover, the noise pattern in
background regions may appear less artificial to customers who are more used to typical
FBP noise patterns.

In the illustrated embodiment, the image data processor 220 is shown as part
of the system 200. In this instance, the image data processor 220 can be a separate
component (as shown), part of the reconstructor 218, part of the console 216 and/or part of
another component. In an alternative embodiment, the image data processor 220 can be
remote from the system 200, for example, as part of a separate computing system, and/or
distributed across computing system. Moreover, the image data processor 220 can be
implemented via one or more processors executing one or more computer readable
instructions embedded or encoded on computer readable storage medium (e.g., physical
memory) and/or carried by a carrier wave or signal.

FIGURE 3 schematically illustrates non-limiting examples of the image
data processor (IDP) 220 and the contrast-dependent resolution image generator (CDRIG)

222. Other implementations are contemplated herein.
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The illustrated image data processor 220 receives as input either a higher
resolution image or the higher resolution image and a lower resolution image where both
are reconstructed from the same projection data. The latter is shown in FIGURE 3. In this
instance, both the higher and the lower resolution images are provided to the contrast-
dependent resolution image generator 222, and an image smoother 302 can be omitted.

However, where only the higher resolution image is provided to the image
data processor 220, the image smoother 302 smoothes the higher resolution image,
generating the lower resolution image of the higher resolution image, and both the higher
and the generated lower resolution images are provided to the contrast-dependent
resolution image generator 222.

The illustrated contrast-dependent resolution image generator 222 includes a
contrast and gradient level detector 304. The contrast and gradient level detector 304
determines contrast and gradient levels of the lower resolution image. The contrast-
dependent resolution image generator 222 generates and outputs a gradient image
indicative of the contrast and gradient levels of the lower resolution image.

A weighting function generator 306 generates a weighting function that
defines how to combine the lower and higher resolution images into a single image with a
contrast-dependent resolution based on the gradient image. The generated weighting
function is position-dependent in that its weights different regions of the images so that in
regions of higher contrast, the high-resolution image contributes to a greater degree, and in
regions of low contrast, the lower resolution image contributes to a greater degree. The
weighting function generator 306 generates and outputs a signal indicative of the weighing
function.

An image combiner 308 combines the higher and lower resolution images
based on the weighing function determined by the weighting function generator 306 and
generates and outputs the contrast-dependent resolution image. As described herein, the
image combiner 308 employs the weighing function which blends the higher and lower
resolution images so that the higher resolution image contributes to a greater degree to the
contrast-dependent resolution image for higher contrasts regions and the lower resolution
image contributes to a greater degree to the contrast-dependent resolution image for lower

contrasts regions.
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In the illustrated embodiment, the image data processor includes an optional
noise reducer 310, which is used to reduce noise in the higher resolution image that is
combined with the lower resolution image via the image combiner 308. The noise reducer
310 is configured to remove the large amounts of noise in the higher resolution image so
that such noise does not cause a discontinuity in the combined image. The noise reducer
310 can employ any noise reduction algorithm configured to preserve edges and remove
noise, such as the bilateral filter, ROF algorithm for Total Variation minimization, etc.

In FIGURE 3, the noise reducer 310 and the image smoother 302 are shown
as part of the image data processor 220. In another embodiment, at least one of the noise
reducer 310 or image smoother 302 is part of the contrast-dependent resolution image
generator 222. In another embodiment, at least one of the noise reducer 310 or image
smoother 302 resides outside of the image data processor 220, for example, as part of the
reconstructor 218, the console 216, and/or in another computing system.

FIGURE 4 schematically illustrate a non-limiting example of the contrast
and gradient level detector 304, the weighting function generator (WFG) 306, and the
image combiner 308. Other implementations are also contemplated herein.

As discussed herein, the contrast and gradient level detector 304 determines
contrast and gradient levels of the lower resolution image and outputs a gradient image. In
this example, the contrast and gradient level detector 304 generates a gradient image

represented as shown in EQUATION 1:

EQUATION I:

wherein g represents the gradient image for the lower resolution image u(x,y).

A gradient cut off setter 402 sets a minimum gradient magnitude level (g,.;,) and a
maximum gradient magnitude level (g,x) for the gradient image, which respectively
determine the gradient cut-offs at which only the lower resolution image and only the
higher resolution are used in generating the contrast-dependent resolution image. These
values can be default, user determined, and/or adjustable, and generally are set to provide a

desired visual presentation.
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A gradient map generator 404 generates a gradient map which scales the gradients

between values of zero (0) and one (1), as shown in EQUATION 2:

EQUATION 2:

A gradient map transformation component 406 can be used to apply a function
(e.g., a sinusoidal (as shown) or other function) to the gradient map that ensures a smooth

transition on the weighting map, rendering the weighing function shown in EQUATION 3:

EQUATION 3:

The image combiner 308 receives the weighing function, the higher resolution
image and the lower resolution image, and generates the contrast-dependent resolution

image based on EQUATION 4:

EQUATION 4:

T L= & I 1 — o et
Waptengd = Fur " Yaigs T = St lowe,

where the contrast-dependent resolution is a blended or weighted sum of the higher and

lower resolution images.

FIGURE 5 illustrates an example method for processing image data and
generating a contrast-dependent resolution image there from.

It is to be appreciated that the ordering of the acts in the methods described
herein is not limiting. As such, other orderings are contemplated herein. In addition, one
or more acts may be omitted and/or one or more additional acts may be included.

At 502, an object or subject is scanned via the imaging system 200 or other
imaging system.

At 504, the projection data from the scan is obtained.
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At 506, the projection data is reconstructed, generating at least a higher
resolution image and, optionally, a corresponding lower resolution image.

At 508, where the corresponding lower resolution image is not generated
from the projection data, a corresponding lower resolution image can be generated from the
higher resolution image.

At 510, contrast and gradient levels of the lower resolution image are
detected. As described herein, this information can be represented in a gradient image.

At 512, a weighting function for combining the higher and lower resolution
images is generated based on the contrast and gradient levels as described herein or
otherwise.

At 514, optionally, the higher resolution image is processed with an
algorithm that reduces noise while preserving edges.

At 516, the filtered higher and the lower resolution images are combined
based on the weighting function as described herein, producing a contrast-dependent
resolution image.

The above may be implemented by way of computer readable instructions,
which when executed by a computer processor(s), cause the processor(s) to carry out the
described acts. In such a case, the instructions can be stored in a computer readable storage
medium associated with or otherwise accessible to the relevant computer. Additionally or
alternatively, one or more of the instructions can be carried by a carrier wave or signal.

FIGURE 6 illustrates a resolution comparison between a profile 602 for a
sharp FBP reconstruction, a profile 604 for a multi-iteration ML reconstruction, and a
profile 606 for the contrast-dependent resolution reconstruction described herein. As
shown, the resolution of the contrast-dependent reconstruction and the multi-iteration ML
reconstruction are about the same. However, the contrast-dependent reconstruction is a
single pass reconstruction, which is less computationally expensive relative to the multi-
iteration ML reconstruction.

The invention has been described herein with reference to the various
embodiments. Modifications and alterations may occur to others upon reading the
description herein. 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.
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CLAIMS

What is claimed is:

1. A method for processing one or more reconstructed images, comprising:

receiving a first reconstructed image having a first image resolution;

receiving a second reconstructed image having a second image resolution, wherein
the first resolution is greater than the second resolution; and

generating a contrast-dependent resolution image by combining the first and second
reconstructed images into a single image so that the first reconstructed image contributes to
a greater degree to the contrast-dependent resolution image for higher contrasts regions of
the images and the second reconstructed image contributes to a greater degree to the

contrast-dependent resolution image for lower contrasts regions of the images.

2. The method of claim 1, wherein generating the contrast-dependent resolution image
by combining the first and second reconstructed images includes combining the first and

second reconstructed images based on a contrast-dependent resolution weighting function.

3. The method of claim 2, wherein the weighting function defines how to combine the
lower and higher resolution images into the contrast-dependent resolution based on

contrast and gradient levels of the second reconstructed image.

4. The method of claim 3, further comprising:
detecting the contrast and gradient levels of the second reconstructed image; and
generating a gradient image based on the detected contrast and gradient levels; and

generating the weighting function based on the gradient image.

5. The method of claim 4, further comprising;:

setting a predetermined minimum gradient magnitude level and a predetermined
maximum gradient magnitude level for the gradient image, wherein the predetermined
minimum and maximum gradient magnitude levels respectively indicate gradient levels at

which only the second reconstructed image is used for the contrast-dependent resolution

- 10 -
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image and only the first reconstructed image is used for the contrast-dependent resolution
image; and
generating the weighting function based on the gradient image with the minimum

and maximum gradient magnitude levels.

6. The method of claim 5, further comprising;:
generating, based on the gradient image with the minimum and maximum gradient
magnitude levels, a gradient map that scales gradients from zero to one; and

generating the weighting function based on the gradient map.

7. The method of claim 6, further comprising;:
transforming the gradient map with a function that ensures smooth weighting
transitions; and

generating the weighting function based on the transformed gradient map.

8. The method of any of claims 1 to 7, further comprising:
reducing noise in the first reconstructed image; and
generating the contrast-dependent resolution image by combining the reduced noise

first reconstructed image and the second reconstructed image.

9. The method of claim 8, wherein reducing noise in the first reconstructed image
includes applying a noise reduction algorithm that reduces noise in the first reconstructed

image while preserving edges in the first reconstructed image.

10.  The method of any of claims 1 to 9, wherein generating the contrast-dependent
resolution image includes employing a non iterative and non likelihood based approach to

generate the contrast-dependent resolution image.

11.  The method of any of claims 1 to 10, wherein the first reconstructed image is
generated by reconstructing projection data from a scan of an object or subject with an
imaging system, and the second reconstructed image is generated by reconstructing the

projection data or from the first reconstructed image.

- 11 -
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12. A system, comprising:

a contrast-dependent resolution image generator (222) that generates a contrast-
dependent resolution image by selectively blending a first reconstructed image having a
first higher resolution and a second reconstructed imaged having a second lower resolution

based on a contrast-dependent resolution weighting function.

13.  The system of claim 12, wherein the weighting function weights the higher
resolution image to a higher degree for higher contrasts regions of the images and the
weights the lower resolution image to a higher degree for lower contrasts regions of the

images.

14.  The system of any of claims 12 to 13, the contrast-dependent resolution image
generator, comprising:

a contrast and gradient level detector (304) that detects a contrast and gradient level
of the lower resolution image and generates a gradient image indicative thereof;

a weighting function generator (306) that generates the contrast-dependent
resolution weighting function based on the gradient image; and

an image combiner (308) that combines the first and second images based on the

contrast-dependent resolution weighting function.

15.  The system of claim 14, the weighting function generator, comprising:

a gradient cut off setter (402) that sets a minimum and a maximum gradient level
for the gradient image; and

a gradient map generator (404) that generates a gradient map based on the gradient
image and the minimum and maximum gradient levels; and

a gradient map transformation component (406) that transforms the gradient map

into the weighting function.

16.  The system of claim 15, wherein the gradient map transformation component

applies a sinusoidal function to the gradient map to generate the weighting function.

-12 -
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17.  The system of any of claims 13 to 16, further comprising:
a noise reducer (310) that reduces noise in the higher resolution image, wherein the
contrast-dependent resolution image generator generates the contrast-dependent resolution

image with the reduced noise higher resolution image.

18.  The system of any of claims 12 to 17, wherein the weighting function describes

how to combine the images into a single contrast-dependent resolution image.

19. Computer readable storage medium encoded with computer readable instructions,
which, when executed by one or more processors of a computing system, cause the
computing system to: selectively combine, in a single iteration, higher and lower resolution
reconstructed images having regions of higher and lower contrast so as to generate a
contrast-dependent resolution image with similar contrast-dependent resolution properties

as an image generated using multiple iterations of a regularized iterative reconstruction.

20.  The computer readable storage medium encoded with computer readable
instructions of claim 19, in which the instructions, when executed by the one or more
processors of the computing system, further cause the computing system to: generate the
contrast-dependent resolution image in less time than the image is generated via the

regularized iterative reconstruction.

21. The computer readable storage medium of claim 19, wherein the higher resolution
reconstructed image contributes to a greater degree to the higher contrast region of the
contrast-dependent resolution image and the lower resolution reconstructed image
contributes to a greater degree to the lower contrast region of the contrast-dependent

resolution image.

- 13-
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