a2 United States Patent

Stearns et al.

US009168015B2

US 9,168,015 B2
Oct. 27, 2015

(10) Patent No.:
(45) Date of Patent:

(54) METHOD AND APPARATUS FOR GATE

SPECIFIC MR-BASED ATTENUATION

CORRECTION OF TIME-GATED PET

STUDIES

(71)  Applicants:Charles William Stearns, Milwaukee,
WI (US); Scott David Wollenweber,
Waukesha, WI (US); David M.

Goldhaber, Shorewood, WI (US)

(72) Inventors: Charles William Stearns, Milwaukee,
WI (US); Scott David Wollenweber,
Waukesha, WI (US); David M.
Goldhaber, Shorewood, WI (US)

(73) GENERAL ELECTRIC
CORPORATION, Schenectady, NY

Us)

Assignee:

Notice:  Subject to any disclaimer, the term of this

patent is extended or adjusted under 35
U.S.C. 154(b) by 119 days.

1)
(22)

Appl. No.: 14/138,311
Filed: Dec. 23, 2013

Prior Publication Data

US 2015/0178906 Al Jun. 25, 2015

(65)

Int. CL.
A61B 6/00
GO6T 5/50

(51)
(2006.01)
(2006.01)

(Continued)

US. CL
CPC oo AGIB 6/5264 (2013.01); A6IB 5/0033
(2013.01); A61B 5/0522 (2013.01); A61B

5/085 (2013.01); AGIB 6/03 (2013.01); GO6T

5/50 (2013.01); GOST 7/0026 (2013.01); GOIT
1/1611 (2013.01); GOIT 1/2985 (2013.01);

GOGT 2207/10088 (2013.01); GO6T 2207/10104
(2013.01); GOST 2207/20048 (2013.01); GO6T
2207/20172 (2013.01); GO6T 2207/30004

(2013.1)

(52)

(58) Field of Classification Search

CPC ..o GO6T 5/50; GO6T 7/0026; GO6T
2207/20048; GO6T 2207/10088; GO6T
2207/10104; GO6T 2207/20172; GO6T
2207/30004; GO6T 2207/30061; GO6T
2211/40;, A61B 5/0033; A61B 5/0035; A61B
5/0073; A61B 5/0522; A61B 5/055; A61B
5/085; A61B 6/025; A61B 6/03; A61B 6/06;
A61B 2019/5236; A61B 6/5258; A61B
6/5264; A61B 8/13; A61B 2019/524; GO1T
1/1611; GO1T 1/2985

See application file for complete search history.

(56) References Cited

U.S. PATENT DOCUMENTS

5,251,128 A * 10/1993 Crawford ......cccccoceenne. 600/425
6,377,833 Bl* 4/2002 Albert ........ccoeevvinrne 600/410

(Continued)
OTHER PUBLICATIONS

Boucher, et al., Respiratory Gating for 3-Dimensional PET of the
Thorax: Feasibility and Initial Results, The Journal of Nuclear Medi-
cine, vol. 45, No. 2, Feb. 2004.

(Continued)

Primary Examiner — Manav Seth
(74) Attorney, Agent, or Firm —Grogan, Tuccillo &
Vanderleeden, LLP

(7) ABSTRACT

A method for attenuation correction of a plurality of time-
gated PET images of a moving structure includes establishing
an ACF matrix, based on a baseline MR image of the struc-
ture; developing a plurality of image transforms, each of the
image transforms registering the baseline MR image to a
respective cine MR image of the moving structure; applying
each of the image transforms to the ACF matrix to generate a
corresponding cine ACF matrix; time-correlating each of the
cine MR images, and its corresponding cine ACF matrix, to
one of the plurality of time-gated PET data sets; and produc-
ing from each of the time-gated PET data sets an attenuation-
corrected time-gated PET image.
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1
METHOD AND APPARATUS FOR GATE
SPECIFIC MR-BASED ATTENUATION
CORRECTION OF TIME-GATED PET
STUDIES

BACKGROUND

1. Technical Field

Embodiments of the invention relate generally to enhanc-
ing quality of images obtained from PET-MR scanners. Par-
ticular embodiments relate to attenuation correction of PET
images.

2. Discussion of Art

Positron emission tomography (“PET”) machines use one
or more rings of scintillators or other detectors to generate
electrical signals from gamma rays (photon pairs) that pro-
duced from the recombination of electrons, within a target
material, and positrons, emitted from decay of a radionuclide
packaged in a tracer compound. Typically, recombination
events occur within about 1 mm from the radionuclide decay
event, and the recombination photons are emitted in generally
opposite directions to arrive at different detectors. Paired
photon arrivals that occur within a detection window (usually
less than a few nanoseconds apart) are counted as indicating
a recombination event, and, on this basis, computed tomog-
raphy algorithms are applied to the scintillator position and
detection data in order to locate the various recombination
events, thereby producing three-dimensional images of the
tracer disposition within the target material.

Typically, the target material is body tissue, the tracer com-
pound is a liquid analogue to a biologic fluid, and the radio-
nuclide is disposed primarily in body tissues that make use of
the biologic fluid. For example, a common form of PET
makes use of fluorodeoxyglucose (**F), which is analogous to
glucose with the '®F radionuclide substituted for one of the
hydroxyl groups ordinarily composing glucose. Brain matter,
kidneys, and growing cells (e.g., metastasizing cancer cells)
preferentially absorb both glucose and fluorodeoxyglucose.
Therefore, PET is quite useful in oncologic studies, for local-
izing particular organs, and for studying metabolic processes.

One challenge in obtaining desired PET image quality is
that gamma rays, in the energy spectrum produced by
positron-electron interactions, are easily attenuated by typi-
cal body tissues and are differently attenuated by different
body tissues. Varying attenuation will change the likelihood
of detecting the recombination events from the patient,
thereby confounding the process of making an image from
the PET data. Accordingly, it is highly desirable to provide
means for attenuation correction (“AC”).

For example, PET often is combined with computed
tomography (“CT”), which uses a moving X-ray source and
detectors to obtain images of internal structures. X-rays are
photons and are attenuated much like the higher-energy pho-
tons produced from positron-electron recombination events.
However, unlike PET photons, the source strength of CT
photons is known. Thus, CT image data is a direct measure-
ment of photon attenuation between source and detectors.
Therefore, CT image data provides a useful basis for AC of
concurrent PET imaging.

Combined PET-CT scans have proven particularly useful
in respiratory-gated studies, for example studies undertaken
during normal breathing in order to diagnose or evaluate lung
cancer. Respiratory-gated images can reduce motion blurring
that would otherwise result from acquisition of the PET
image throughout a respiratory cycle. However, accurate
reconstruction of respiratory-gated PET studies requires
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gate-specific attenuation correction information. The simul-
taneous acquisition of CT and PET data supports gate-spe-
cific AC.

For example, consider two elements of a PET detector
where the line of response between the detectors passes
through the lower thorax of the patient. At peak inspiration
that line may pass through the lower lobes of the lung, which
will attenuate the 511 keV photons by a relatively small
amount. As the patient exhales the liver moves up into the
thorax, so that at the end of expiration the same line of
response may now pass through soft tissue, which will attenu-
ate the 511 keV photons much more than the lung. Ifthe PET
data is gated so that there are different images being acquired
at peak-inspiration and end-exhalation, each will benefit from
an attenuation correction that corresponds to the actual dis-
tribution of attenuating tissue during that phase of the respi-
ratory cycle.

Increasingly, and for a variety of reasons including lifetime
radiation dose reduction goals, PET/CT scans are being
replaced by combining PET scans with magnetic resonance
imaging (“MR”). This new combination (“PET-MR”) pre-
sents novel technical issues. For example, whereas CT forms
an image based on detection of X-rays emitted from a source
through a target, MR forms an image based on detection of
rotating “relaxation” magnetic fields that are produced within
a target by nuclei that have odd atomic numbers, i.e., total
number of neutrons and protons not divisible by two, in
response to fluctuation of an imposed magnetic field. Thus,
MR measures a phenomenon fundamentally different from
the photons detected by CT and PET.

One advantage of MR is that magnetic fields do not attenu-
ate in body tissues, so that nucleus location can be determined
(using Fourier analysis) based solely on frequency shifting
between the imposed magnetic field and the response field.
Another advantage is that by careful selection of pulse
sequence, distinct tissues or materials can be highlighted.
Accordingly, MR frequently is used for differentiating tissue
types within a patient, and also is used for identifying fine
detail structures. Typically, different pulse sequences are used
for tissue differentiation. For example, a T1 pulse sequence
can be used to obtain images with water appearing darker and
fat brighter. On the other hand, a T2 pulse sequence can be
used to obtain an image with fat darker, and water lighter.

Thus, a single apparatus that combines PET and MR (a
“PET-MR scanner”) can provide fine detail, tissue differen-
tiation, and metabolic data. However, because MR signals do
not attenuate in the same way as PET or CT signals attenuate,
and because MR signal return is highly dependent on the type
of pulse sequence used (with each pulse sequence emphasiz-
ing a different material), whereas the PET signal is attenuated
by every layer of material intervening between a recombina-
tion event and a pair of detectors, single-scan MR image data
does not necessarily provide a reliable basis for AC of con-
current PET imaging.

MR imaging has the capability to acquire a volume of
images over the respiratory cycle, in a manner known as
retrospectively gated cine-MRI. However, the types of MR
images that can be acquired in a cine fashion have not been
considered suitable for producing PET attenuation correction
values. The MR protocols conventionally deemed effective
for producing PET attenuation correction values, such as
2-point Dixon water-fat scans, typically require more than 10
seconds to acquire, thus, are not usable for capturing multiple
images during a respiratory cycle. Instead, in order to mini-
mize motion blur and other breathing artifacts, these MR
image data typically have been acquired during a long breath-
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hold. However, a breath-held MR image does not show the
intermediate lung positions that are needed for accurate AC of
a PET scan.

BRIEF DESCRIPTION

Embodiments of the invention provide a method for attenu-
ation correction of a plurality of time-gated PET images of a
moving structure. The method includes establishing an ACF
matrix, based on a baseline MR image of the structure; devel-
oping a plurality of image transforms, each of the image
transforms registering the baseline MR image to a respective
cine MR image of the moving structure; applying each of the
image transforms to the ACF matrix to generate a correspond-
ing cine ACF matrix; time-correlating each of the cine MR
images, and its corresponding cine ACF matrix, to one of the
plurality of time-gated PET data sets; and producing from
each of the time-gated PET data sets an attenuation-corrected
time-gated PET image.

Aspects of the invention provide an apparatus for generat-
ing a plurality of attenuation corrected time-gated PET
images. The apparatus includes a PET-MR scanner; a con-
troller connected in communication with the PET-MR scan-
ner, and an image processor connected in communication
with the controller. The controller is configured to acquire a
baseline MR image of a structure, acquire a sequence of cine
MR images of the structure, and acquire a plurality of time-
gated PET data sets of the structure. The image processor is
configured to generate a baseline ACF matrix based on the
baseline MR image, register the baseline MR image with at
least some of the cine MR images, generate cine ACF matri-
ces based on registration of the baseline MR image with the
cine MR images, and attenuation correct the time-gated PET
data sets based on the cine ACF matrices.

Other aspects of the invention provide a method for attenu-
ation correction of PET imaging. The method includes
obtaining, in a first MR acquisition, a baseline MR image
suitable for deriving PET attenuation correction factors; and
obtaining, in a second MR acquisition, a cine sequence of MR
images during a respiratory cycle, concurrent with the respi-
ratory-gated PET study. The method further comprises non-
rigidly registering the baseline MR image to each of the cine
MR images in order to produce a group of registered MR
images that correspond to PET data sets from the respiratory-
gated PET study and that are usable for deriving attenuation
correction factors. The registered MR images then are used to
form attenuation correction factors for their respective time-
gated PET data sets.

DRAWINGS

The present invention will be better understood from read-
ing the following description of non-limiting embodiments,
with reference to the attached drawings, wherein below:

FIG. 1 shows a conventional method for attenuation cor-
rection of PET images based on concurrent CT images.

FIG. 2 shows an inventive method for attenuation correc-
tion of PET images based on concurrent and baseline MR
images, according to a first embodiment of the invention.

FIG. 3 shows an exemplary process for registering a base-
line MR image to a cine MR image, according to an embodi-
ment of the invention.

FIG. 4 shows an equation for mutual information of a
baseline MR image and a cine MR image.

FIG. 5 shows another method for attenuation correction of
PET images based on concurrent and baseline MR images,
according to a second embodiment of the invention.
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FIG. 6 shows an apparatus for implementing inventive
methods for attenuation correction of PET images based on
concurrent and baseline MR images, according to embodi-
ments of the invention.

DETAILED DESCRIPTION

Reference will be made below in detail to exemplary
embodiments of the invention, examples of which are illus-
trated in the accompanying drawings. Wherever possible, the
same reference characters used throughout the drawings refer
to the same or like parts, without duplicative description.
Exemplary embodiments of the present invention are
described with respect to combined PET-MR scanners,
although embodiments may be adapted for use with other
imaging systems.

Aspects of the invention relate to improving the simulta-
neous collection of PET and MR images by providing attenu-
ation correction (AC) of the PET images based on the MR
image data.

In PET/CT studies, a conventional method 100 of respira-
tory-gated attenuation (as shown in FIG. 1) includes obtain-
ing 110 a sequence of cine CT images 112 over the same
anatomic region and during the same time period as acquiring
120 a sequence of time-gated PET data sets 122. The
sequence of cine CT images 112 can be acquired at rates on
the order of one image per second, allowing acquisition of six
to ten images during a typical respiratory cycle, so that the set
of CT images then can be correlated to the gated set of PET
raw data files 120. The sequence of CT images 110 are used
to derive 130 a sequence of attenuation correction factor
matrices (“ACF matrices”) 132, and then each ACF matrix is
time-correlated 140 to one of the time-gated PET data sets
122 in order to reconstruct 150 a set of attenuation corrected
(“AC”) PET images 152.

FIG. 2 shows a method 200, according to a first embodi-
ment of the invention, for MR-based attenuation correction
210 of a sequence of respiratory-gated PET data sets 222, in
order to produce attenuation-corrected PET images 212. In
addition to acquiring 220 the PET data sets 222, the method
200 also includes acquiring 230 a tissue-distinguishing or
“baseline” MR image 232 that is suitable for later generating
240 a three-dimensional matrix 242 of photon attenuation
correction factors (“baseline ACF matrix”). In an embodi-
ment, the baseline MR image 232 is obtained 230 as a sub-
stantially static image using a patient breath-hold protocol
and a scan protocol suitable for tissue-differentiation study—
e.g., a 2-point Dixon scan, which clearly highlights water and
fat, and requires in excess of ten seconds to complete.
Although, in certain embodiments, the baseline MR image
232 may be obtained as an averaged image using a tissue-
differentiation study during normal respiration, or can be
compiled during respiration or during a breath-hold as a com-
posite image from several distinct single-tissue scans, it can
be expected that an averaged image ora composite image will
not be optimal for subsequently generating the static ACF
matrix 242.

Based on the tissues identified in the baseline MR image
232, standard photon attenuation calculations are undertaken
for the typical positron-recombination energies in order to
generate 240 the baseline ACF matrix 242.

In addition to generating 240 the baseline ACF matrix 242,
the method 200 also includes acquiring 250 a sequence of
cine MR images 252, and registering 260 each of the cine MR
images 252 back to the static MR image 232. In the process of
registering 260, a plurality of image transforms 262 are pro-
duced, each of the image transforms registering a respective
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one of the cine MR images 252 with the static MR image 232.
In an embodiment, the image transforms are non-rigid. For
example, Vemuri, et al., Med. Image Anal. 7:1-20 (2003),
describe a “level-sets™ algorithm for non-rigid image regis-
tration. Other mutual-information-based algorithms (e.g., as
taught by Woods (1992) or by Viola and Wells (1994)) can
also be used. In most embodiments, the cine MR images 252
are obtained using different (faster) scan protocols than was
used for obtaining the baseline MR image 232—e.g., zero-TE
or ultra-short-TE scan protocols. Also, in certain embodi-
ments, different scan protocols may be used for different cine
MR images 252. Accordingly, registering 260 may also
include pixel intensity scaling or shifting to match tissue
types between the different scan protocols.

For example, a locally perturbed (non-rigid) rigid body
registration 260, based on mutual information, can proceed as
shown in FIG. 3, in which one of the cine images 252 is
represented as a differentiable cubic spline function f(x),
mapping pixel intensities to a linear pixel array, which can be
interpolated at any between-pixel position within the set of
sampled values composing the image. Similarly, the baseline
image 232 is represented as another differentiable cubic
spline function f5(x). A smoothed joint histogram of

p=arg minS(fz/7°g(@I)),

which relates the cine image 252 back to the baseline image
232, is defined as a cross product of the two spline functions.
The smoothed joint histogram is transformed by applying to
the baseline image 232 a set of transformation parameters
u={y, 0, ¢, t,, t,, t,, 8}, which are chosen to optimize mutual
information S(u) according to a hierarchical multi-resolution
optimization scheme. In the set of transformation parameters
1, {y, 0, ¢} are bulk roll-pitch-yaw Euler angles, [t,, 1,,t,] isa
bulk translation vector, d; is a set of deformation coefficients
each corresponding to one of a plurality of control points that
are defined by a sparse grid that is overlaid on the baseline
image 232. Typically, the sparse grid is a regular grid. How-
ever, in other embodiments, the sparse grid can be weighted
according to pixel intensity or other image metrics. For any
given set of non-rigid transformation parameters, mutual
information S(u) is calculated (as shown in FIG. 4), and
mutual information gradients VS(p) are calculated, based on
probability distributions p, pT, and pR that respectively cor-
respond to: the smoothed joint histogram; a marginal
smoothed histogram for the cine image 252; and a marginal
smoothed histogram for the baseline image 232. The prob-
ability distributions are presumed independent of the trans-
formation parameters. Parameters T and «, shown in FIG. 4,
are pixel intensity histogram bin indexes for the cine image
252 and for the baseline image 232, respectively. Varying the
histogram bin sizes can adjust the quality of image registra-
tion. The registration is described as locally-perturbed rigid
body because it combines local deformation coefficients 3j
with rigid body transforms {y, 6, ¢, [t,, t,, t.]}. Evaluating
quality of fit, the registration process 260 either iterates on
revised i, or returns p (the image transform 262 that registers
the baseline image 232 to the particular cine image 252) fora
satisfactory value of S().

Then, the method 200 includes applying each of the image
transforms 262 to the static ACF matrix 242 in order to
generate 270 aplurality of cine ACF matrices 272. Eachof the
cine ACF matrices 272 is time-correlated 280 to one of the
plurality of PET data sets 222 within the respiratory-gated
PET sequence 220, and is applied 210 to the corresponding
PET data set 222 in order to produce a reconstructed and
attenuation-corrected PET image 212. In certain embodi-
ments, each of the PET data sets 222 is time-correlated to
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more than one of the cine ACF matrices, and one of a simple
average, a time-weighted average, a velocity-weighted aver-
age, or a time-velocity-weighted average is used in applying
210 the plural cine ACF matrices 272 to the PET data set 222.

Although the static MR image acquisition 230 is shown as
preceding the cine MR sequence acquisition 250, these steps
equally can be accomplished in the other order. In certain
embodiments, the cine MR sequence may be duplicated (e.g,,
before and after the breath-held static image) or the breath-
held static image may be duplicated (e.g., before and after the
cine sequence). Similarly, registering 260 may be accom-
plished concurrent with acquiring 250, or after all images
have been acquired.

Although the plurality of registered ACF matrices 272 are
described as being obtained by applying image transforms
262 to the baseline ACF matrix 242, registered ACF matrices
272 also could calculated from the baseline MR image 232, as
transformed according to the plurality of image transforms
262. Thus, an alternate method 500 as shown in FIG. 5,
according to other embodiments of the invention, includes a
first MR acquisition 230 to obtain a static (breath-held) MR
image 232 suitable for deriving 240 baseline PET attenuation
correction factors 242; and a second MR acquisition 250 to
obtain a sequence of cine MR images 252 acquired during a
respiratory cycle, concurrent with a respiratory-gated PET
study 220. The static MR image 232 is non-rigidly registered
to each of the cine MR images 252 in order to produce 560 a
group of transformed MR images 562 that correspond to PET
data sets 222 from the respiratory-gated PET study and that
are usable for deriving 570 attenuation correction factors §72.
The registered MR images then are used to form 570 the
attenuation correction factors 572, which are time-correlated
280 for producing 210 attenuation-corrected PET images 212
from their respective time-gated PET data sets 222.

FIG. 6 shows schematically an apparatus 600, according to
an embodiment of the invention, for accomplishing the
method 200 as described above. The apparatus 600 comprises
a combined PET-MR scanner 610, which is connected in
communication with a controller 620, the controller in turn
connected in communication with an image processor 630.
The controller and image processor can both be implemented
as separate software in a single computer, or separately in
computers co-located with the PET-MR scanner 610; or
either or both of the controller 620 and the image processor
630 can be located off-site (remotely) from the PET-MR
scanner and/or each other. The controller 620 is configured to
accomplish at least acquiring 220 the PET data sets 222,
acquiring 230 the baseline MR image 232, and acquiring 250
the sequence of cine MR images 252. The image processor
630 is configured to accomplish at least generating 240 the
baseline ACF matrix 242, registering 260 the baseline MR
image 232 with each of the sequence of cine MR images 252,
generating 270 the plurality of cine ACF matrices 272, and
attenuation-correcting 210 the time-gated PET data sets 222
based on the plurality of cine ACF matrices 272. Either the
controller 620 or the image processor 630 may be configured
to accomplish time-correlating 280 the cine MR images 252
with the time-gated PET data sets 222. Alternatively, the
controller 620 and the image processor 630 can be integrated
into single software/single processor, or can be implemented
in a cloud (SaaS) paradigm.

Thus, embodiments of the invention provide gate-specific
attenuation correction factors for time-gated PET data, based
on attenuation correction data that is not acquired within the
duration of a single gate.

For example, some embodiments of the invention provide
a method for attenuation correction of a plurality of time-
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gated PET images of a moving structure. The method com-
prises establishing an ACF matrix, based on a baseline MR
image of the structure; developing a plurality of image trans-
forms, each of the image transforms registering the baseline
MR image to a respective cine MR image of the moving
structure; applying each of the image transforms to the ACF
matrix to generate a corresponding cine ACF matrix; time-
correlating each ofthe cine MR images, and its corresponding
cine ACF matrix, to one of the plurality of time-gated PET
data sets; and producing from each of the time-gated PET data
sets an attenuation-corrected time-gated PET image. In cer-
tain embodiments, the baseline MR image is a composite
image. In some other embodiments, the baseline MR image is
an averaged image. In some embodiments, the baseline MR
image is obtained while the structure is substantially static. In
some embodiments, the baseline MR image is obtained using
a tissue differentiating scan protocol. In some embodiments,
each of the cine MR images uses a same scan protocol as each
other of the cine MR images. In certain embodiments, devel-
oping the plurality of image transforms comprises pixel
intensity scaling or pixel intensity shifting. In certain embodi-
ments, developing the plurality of image transforms com-
prises iteratively calculating mutual information of a joint
pixel intensity histogram constructed from the baseline MR
image and from an intermediate transform of the cine MR
image. In certain embodiments, developing the plurality of
image transforms comprises establishing for each cine MR
image an image transform 1 that comprises rigid transforma-
tion parameters {y, 0, ¢, [tx, ty, tz]} and deformation coeffi-
cients {3j} for registering the baseline MR image to that cine
MR image. In certain embodiments, producing an attenua-
tion-corrected time-gated PET image comprises applying to
one of the plurality of time-gated PET data sets at least one
cine ACF matrix thatis time-correlated to that PET data set. In
certain embodiments, producing an attenuation-corrected
time-gated PET image comprises applying to one of the plu-
rality of time-gated PET data sets one of a simple average, a
time-weighted average, a velocity-weighted average, or a
time-velocity-weighted average of plural cine ACF matrices
that are time-correlated to that PET data set.

Other aspects of the invention provide an apparatus for
generating a plurality of attenuation corrected time-gated
PET images. The apparatus comprises a PET-MR scanner; a
controller connected in communication with the PET-MR
scanner, and an image processor connected in communica-
tion with the controller. The controller is configured to
acquire a baseline MR image of a structure, acquire a
sequence of cine MR images of the structure, and acquire a
plurality of time-gated PET data sets of the structure. The
image processor is configured to generate a baseline ACF
matrix based on the baseline MR image, register the baseline
MR image with at least some of the cine MR images, generate
cine ACF matrices based on registration of the baseline MR
image with the cine MR images, and attenuation correct the
time-gated PET data sets based on the cine ACF matrices. In
certain aspects, the controller is configured to time-correlate
each of the cine ACF matrices to one of the time-gated PET
data sets. In certain aspects, the image processoris configured
to time-correlate each of the cine ACF matrices to one of the
time-gated PET data sets. In certain aspects, the image pro-
cessor is configured to register the baseline MR image to each
of the cine MR images using a locally perturbed rigid regis-
tration. In certain aspects, the image processor is configured
to register the baseline MR image to each of the cine MR
images using a mutual information algorithm. In certain
aspects, the controller is configured to obtain the baseline MR
image while the structure is substantially static. In certain
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aspects, the controller is configured to concurrently obtain the
cine MR images and the PET data sets while the structure is
moving. In certain aspects, the image processor is configured
to attenuation correct at least one of the plurality of time-
gated PET data sets using one of a simple average, a time-
weighted average, a velocity-weighted average, or a time-
velocity-weighted average of plural cine ACF matrices that
are time-correlated to that PET data set.

Other aspects of the invention provide a method for attenu-
ation correction of PET imaging. The method comprises
obtaining, in a first MR acquisition, a baseline MR image
suitable for deriving PET attenuation correction factors; and
obtaining, in a second MR acquisition, a cine sequence of MR
images during a respiratory cycle, concurrent with the respi-
ratory-gated PET study. The method further comprises non-
rigidly registering the baseline MR image to each of the cine
MR images in order to produce a group of registered MR
images that correspond to PET data sets from the respiratory-
gated PET study and that are usable for deriving attenuation
correction factors. The registered MR images then are used to
form attenuation correction factors for their respective time-
gated PET data sets.

It is to be understood that the above description is intended
to be illustrative, and not restrictive. For example, the above-
described embodiments (and/or aspects thereof) may be used
in combination with each other. In addition, many modifica-
tions may be made to adapt a particular situation or material
to the teachings of the invention without departing from its
scope. While the dimensions and types of materials described
herein are intended to define the parameters of the invention,
they are by no means limiting and are exemplary embodi-
ments. Many other embodiments will be apparent to those of
skill in the art upon reviewing the above description. The
scope of the invention should, therefore, be determined with
reference to the appended claims, along with the full scope of
equivalents to which such claims are entitled. In the appended
claims, the terms “including” and “in which” are used as the
plain-English equivalents of the respective terms “compris-
ing” and “wherein.” Moreover, in the following claims, terms
such as “first,” “second,” “third,” “upper,” “lower,” “bottom,”
“top,” etc. are used merely as labels, and are not intended to
impose numerical or positional requirements on their objects.
Further, the limitations of the following claims are not written
in means-plus-function format and are not intended to be
interpreted based on 35 U.S.C. §112, sixth paragraph, unless
and until such claim limitations expressly use the phrase
“means for” followed by a statement of function void of
farther structure.

This written description uses examples to disclose several
embodiments of the invention, including the best mode, and
also to enable one of ordinary skill in the art to practice
embodiments of the invention, including making and using
any devices or systems and performing any incorporated
methods. The patentable scope of the invention is defined by
the claims, and may include other examples that occur to one
of ordinary skill in the art. Such other examples are intended
to be within the scope of the claims if they have structural
elements that do not differ from the literal language of the
claims, or if they include equivalent structural elements with
insubstantial differences from the literal language of the
claims.

As used herein, an element or step recited in the singular
and proceeded with the word “a” or *“an” should be under-
stood as not excluding plural of the elements or steps, unless
such exclusion is explicitly stated. Furthermore, references to
“one embodiment” of the present invention are not intended
to be interpreted as excluding the existence of additional
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embodiments that also incorporate the recited features. More-
over, unless explicitly stated to the contrary, embodiments
“comprising,” “including,” or “having” an element or a plu-
rality of elements having a particular property may include
additional such elements not having that property.

Since certain changes may be made in the above-described
embodiments, without departing from the spirit and scope of
the invention herein involved, it is intended that all of the
subject matter of the above description or shown in the
accompanying drawings shall be interpreted merely as
examples illustrating the inventive concept herein and shall
not be construed as limiting the invention.

What is claimed is:

1. A method for attenuation correction of a plurality of
time-gated PET images of a moving structure, comprising:

establishing an ACF matrix, based on a baseline MR image

of the structure;

developing a plurality of image transforms, each of the

image transforms registering the baseline MR image to
a respective cine MR image of the moving structure;
applying each of the image transforms to the ACF matrix to
generate a corresponding cine ACF matrix;
time-correlating each of the cine MR images, and its cor-
responding cine ACF matrix, to one of the plurality of
time-gated PET data sets; and

producing from each of the time-gated PET data sets an

attenuation-corrected time-gated PET image.

2. The method as claimed in claim 1, wherein the baseline
MR image is a composite image.

3. The method as claimed in claim 1, wherein the baseline
MR image is an averaged image.

4. The method as claimed in claim 1, further comprising a
step of obtaining the baseline MR image while the structure is
substantially static.

5. The method as claimed in claim 1, further comprising a
step of obtaining the baseline MR image using a tissue dif-
ferentiating scan protocol.

6. The method as claimed in claim 1, wherein each of the
cine MR images uses a same scan protocol as each other of the
cine MR images.

7. The method as claimed in claim 1, wherein developing
the plurality of image transforms comprises pixel intensity
scaling or pixel intensity shifting.

8. The method as claimed in claim 1, wherein developing
the plurality of image transforms comprises, for each of the
cine MR images, iteratively calculating mutual information
of ajoint pixel intensity histogram constructed from the base-
line MR image and from an intermediate transform of the cine
MR image.

9. The method as claimed in claim 1, wherein developing
the plurality of image transforms comprises establishing for
each cine MR image an image transform p that comprises
rigid transformation parameters {y, 0,9, [t,,t,,t.]} and defor-
mation coefficients {3} for registering the baseline MR
image to that cine MR 1mage.

10. The method as claimed in claim 1, wherein producing
an attenuation-corrected time-gated PET image comprises
applying to one of the plurality of time-gated PET data sets at
least one cine ACF matrix that is time-correlated to that PET
data set.

11. The method as claimed in claim 10, wherein producing
an attenuation-corrected time-gated PET image comprises
applying to one of the plurality of time-gated PET data sets
oneof a simple average, a time-weighted average, a velocity-
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weighted average, or a time-velocity-weighted average of
plural cine ACF matrices that are time-correlated to that PET
data set.

12. An apparatus for generating a plurality of attenuation
corrected time-gated PET images, said apparatus comprising:

a PET-MR scanner;

a controller connected in communication with the PET-
MR scanner, wherein the controller is configured to
acquire a baseline MR image of a structure, acquire a
sequence of cine MR images of the structure, and
acquire a plurality of time-gated PET data sets of the
structure; and

an image processor connected in communication with the
controller, wherein the image processor is configured to
generate a baseline ACF matrix based on the baseline
MR image, register the baseline MR image with at least
some of the cine MR images, generate cine ACF matri-
ces based on registration of the baseline MR image with
the cine MR images, and attenuation correct the time-
gated PET data sets based on the cine ACF matrices.

13. The apparatus as claimed in claim 12, wherein the
controller is configured to time-correlate each of the cine ACF
matrices to one of the time-gated PET data sets.

14. The apparatus as claimed in claim 12, wherein the
image processor is configured to time-correlate each of the
cine ACF matrices to one of the time-gated PET data sets.

15. The apparatus as claimed in claim 12, wherein the
image processor is configured to register the baseline MR
image to each of the cine MR images using a locally perturbed
rigid registration.

16. The apparatus as claimed in claim 12, wherein the
image processor is configured to register the baseline MR
image to each of the cine MR images using a mutual infor-
mation algorithm.

17. The apparatus as claimed in claim 12, wherein the
controller is configured to obtain the baseline MR image
while the structure is substantially static.

18. The apparatus as claimed in claim 12, wherein the
controller is configured to concurrently obtain the cine MR
images and the PET data sets while the structure is moving.

19. The apparatus as claimed in claim 12, wherein the
image processor is configured to attenuation correct at least
one of the plurality of time-gated PET data sets using one of
a simple average, a time-weighted average, a velocity-
weighted average, or a time-velocity-weighted average of
plural cine ACF matrices that are time-correlated to that PET
data set.

20. A method for attenuation correction of PET imaging in
a respiratory-gated PET study, comprising:

obtaining, in a first MR acquisition, a baseline MR image
suitable for deriving PET attenuation correction factors;

obtaining, in a second MR acquisition, a cine sequence of
MR images during a respiratory cycle, concurrent with
the respiratory-gated PET study; and

non-rigidly registering the baseline MR image to each of
the cine MR images in order to produce a group of
registered MR images that correspond to PET data sets
from the respiratory-gated PET study and that are usable
for deriving attenuation correction factors,

wherein the registered MR images then are used to form
attenuation correction factors for their respective time-
gated PET data sets.

I S S T
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