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(57) ABSTRACT

Medical images are collected in a plurality of cardiac and
respiratory phases. The images are transformed into a series
of respiratory compensated images with the plurality of car-
diac phases, but all at a common respiration phase. The series
of respiratory compensated images are transformed into one
image ata selected cardiac phase and the common respiration
phase. In some embodiments, a database of gated transform
matrices is generated. The database may be based on specific
patient information or on information generated from a pool
of patients. The database may account for respiratory motion,
cardiac contractile motion, other physiological motion, or
combinations thereof. For a current image to be motion cor-
rected, the transformation matrices collected in the database
are used to estimate a current set of transformation matrices
accounting for the motion in the current image, and a motion-
compensated image is generated based on the current set of
transform matrices.
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MOTION COMPENSATION IN FUNCTIONAL
IMAGING

[0001] The present invention relates to the digital imaging
arts. It finds particular application in conjunction with Single
Photon Emission Computed Tomography (SPECT) or
Positron Emission Tomography (PET) imaging systems, and
more specifically with combined SPECT/CT or PET/CT sys-
tems and will be described with particular reference thereto.
It is, however, to be appreciated that the invention may also
find application in the combination of SPECT, PET, or other
nuclear imaging scans, and other modalities, such as CT,
MRI, Ultrasound, and others.

[0002] In nuclear medicine, a subject is injected with a
radiopharmaceutical that carries a radioisotope which
decays, emitting gamma radiation. Nuclear cameras, such as
SPECT or PET scanners, detect the gamma radiation and
reconstruct a diagnostic image illustrating a density of radio-
active events in the subject.

[0003] In SPECT imaging, a radioactive source emits high
energy particles that pass through at least a portion of a
subject in an imaging region and are collected at a detector
array that is positioned adjacent the subject. In order to
receive enough radiation events to reconstruct a meaningful
diagnostic image, the subject remains in the imaging region
for an extended period of time, on the order of 10 s of minutes
or more. Comparatively, a CT scan can perform a complete
scan of a limited region in less than a minute.

[0004] As the subject has to remain in the imaging region
for an extended period of time, several sources of motion
occur that will lower the spatial resolution of a resulting
image. First, the subject can move. Voluntary movements
cause the internal anatomy of the subject to move also, and
thus, shift positions in a diagnostic image. Second, the scan
time is far too long for a subject to hold their breath. Even
shallow, controlled breathing will introduce periodic motion
of the chest cavity. Continuous respiration during the SPECT
acquisition leads to a periodic translation of the heart by
several centimeters in the cranial-caudal direction. This leads
to spatial blur of the reconstructed images and degrades the
left ventricle volume estimation in both the individual heart
phases and the perfusion image.

[0005] Imaging many body regions may be difficult or may
result in blurring due to body, respiratory, cardiac and other
physiological rhythms. For example in cardiac SPECT,
images of the heart are being gathered, and naturally, the heart
is constantly moving. The beating heart periodically con-
tracts, translates, rotates, and twists which displaces indi-
vidual segments of the myocardium by several centimeters in
a complicated and non-homogeneous fashion. This degrades
the spatial resolution of the summed perfusion image. These
three sources of motion all produce spatial variance in the
position of the internal organs of the subject, and ultimately
cause spatial blurring of a resultant SPECT image. As the
SPECT modality of imaging improves, these sources of
motion will become increasingly problematic because they
will negate the advantages gained from higher resolution by
blurring the images.

[0006] Efforts are currently underway to register voluntary
physical patient motion, and compensate for that motion.
These efforts, however, currently do not compensate for
motion caused by the natural respiratory and cardiac cycles,
and only focus on SPECT image space.

[0007] The present invention provides a new and improved
method and apparatus which overcomes the above-refer-
enced problems and others.
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[0008] In accordance with one aspect of the present inven-
tion, a method of respiratory and cardiac movement compen-
sated diagnostic imaging is provided. A plurality of heart
images are generated in each of a plurality of respiratory and
cardiac phases with a first imaging modality. The images
which have a common cardiac phase but different respiratory
phases are transformed into images of the plurality of cardiac
phases, but all at a selected common respiratory phase. The
images with a common cardiac phase and the selected respi-
ratory phase are combined into a series of respiratory com-
pensated images at the plurality of cardiac phases. The series
of respiratory compensated images are transformed in accor-
dance with a heart shape and motion model to generate a
series of cardiac and respiratory compensated images all in a
selected common cardiac phase and the selected common
respiratory phase. These images are combined into an image
in the selected common cardiac and respiratory phases.
[0009] In accordance with another aspect of the present
invention, a method of compensating for respiratory and car-
diac movement in diagnostic image reconstruction is pro-
vided. The respiratory activity of a subject is monitored dur-
ing a nuclear imaging scan and a respiratory movement vector
is created. Cardiac activity of the subject is also monitored
during the scan. Raw image data acquired during the scan is
binned in accordance with both its respiratory and cardiac
phases and the binned raw data is reconstructed into a plural-
ity of images. The images are translated in accordance with
the respiratory movement vector and are further adjusted in
accordance with a heart shape and motion model. The trans-
lated and adjusted images are then combined.

[0010] In accordance with another aspect of the present
invention, a diagnostic imaging apparatus is provided. A first
modality scanner generates a plurality of heart images in each
of a plurality of respiratory and cardiac phases. A respiratory
adjustment processor transforms the images which have a
common cardiac phase but different respiratory phases into a
series of images at the plurality of cardiac phases but at a
selected common respiratory phase. A cardiac transforming
routine transforms the series of respiratory compensated
images in accordance with a heart shape and motion model to
generate a series of cardiac and respiratory compensated
images at a selected cardiac phase and at the selected common
respiratory phase. A cardiac summing routine combines the
images and the selected common cardiac and respiratory
phases.

[0011] In accordance with another aspect of the present
invention, an image reconstruction processor is provided for
use in conjunction with cardiac SPECT imaging procedures.
A respiratory adjustment processor receives a plurality of
images of differing respiratory phases and differing cardiac
phases and adjusts the images of differing respiratory and
cardiac phases into a series of images with a common respi-
ratory phase but the differing cardiac phases. A cardiac
adjustment processor receives the series of images and
adjusts them into a common cardiac phase to produce an
image at the common cardiac phase and a common respira-
tory phase.

[0012] One advantage of the present invention is a more
robust estimation of and correction for respiratory motion.
[0013] Another advantage of this invention is a more robust
estimation of and correction for cardiac motion.

[0014] Yet another advantage of this invention resides in
the elimination of spatial blur due to respiratory and cardiac
motion.

[0015] Still further advantages of the present invention will
be appreciated to those of ordinary skill in the art upon read-
ing and understanding the following detailed description.
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[0016] Theinvention 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 con-
strued as limiting the invention.

[0017] FIG.1isadiagrammaticillustrationofa SPECT/CT
system in accordance with the present invention;

[0018] FIG.2 isavector field describing typical respiratory
displacement;
[0019] FIG.3isadiagrammaticillustrationofa SPECT/CT

system utilizing an iterative reconstruction; and,

[0020] FIG.4isadetailed flow chart of the data processing
performed during iterative reconstruction.

[0021] Thehumanheartbeats ina predictable fashion. Dur-
ing normal activity, the speed at which the heart beats can
vary, from less than once per second when the subject is at
rest, up to about three times per second under extreme physi-
cal exertion and/or stress. Also, its range of motion is not
always exactly the same from person to person. Often, when
a subject is scheduled for a cardiac SPECT imaging proce-
dure, the physician is attempting to diagnose cardiac anoma-
lies, and these can often affect how the heart behaves in its
cycle.

[0022] Resultantly, itis beneficial to perform a preliminary,
cardiac modeling scan of the heart to create an individualized
cardiac shape and motion model, i.e., a model that is subject-
specific. In order to generate the subject-specific heart shape
and motion model, with reference to FIG. 1, the subject is
positioned in a diagnostic scanner 10. A modeling scan is
performed that captures images at several phases, e.g. 5-10
phases, of the cardiac cycle and are collected during a breath
hold period to be free of respiratory motion degradation.
Alternately, gated acquisitions or reconstructions can be used
to generate cardiac images in a common respiratory phase.
Optimally, these images capture and display translation, rota-
tion, stretching, contracting, and warping of the heart muscle
during its cycle. Preferably, the diagnostic scanner 10 is a
combined SPECT/CT scanner and the cardiac modeling scan
is performed on a CT portion. This allows two types of diag-
nostic scans to be performed sequentially without the subject
moving. Of course, separate scanners are contemplated, but
in such a case, the subject is relocated, and re-positioned to
duplicate the position of the cardiac modeling scan. The mod-
eling scan performed is preferably an ECG gated CT scan.
ECG gating ensures that the desired images of each stage of
heart motion are captured.

[0023] Preferably, the cardiac modeling scan is performed
immediately before the SPECT imaging scan. This is to
ensure maximum consistency between the subject’s cardiac
behavior from the cardiac modeling scan to the SPECT scan.
Alternatively, the cardiac modeling scan can be performed on
a different day, for example, but in this case it is more likely
that cardiac behavior will have changed. This is more of a
concern with subjects with known heart defects, because it is
more likely that the subject’s heart will vary its activity pat-
tern over time. Also, the cardiac modeling scanner does not
have to be a CT scanner, but can also be MR, ultrasound,
Doppler ultrasound, or any other modality that can reliably
capture the complete range of motion of the heart from an
anatomical standpoint.

[0024] After the cardiac modeling scan is performed, a
model creation processor 12 fits a generic heart shape and
motion model 11 to the patient-specific data that was just
acquired, e.g. by adapting or fitting the shape model to the
individual images reconstructed for the different cardiac
phases. The motion part of the heart shape and motion model
can be used to guide or regularize this adaptation procedure.
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A patient-specific motion map for the myocardium is then
derived from point correspondences of the fitted models,
which yields a robust estimate. Clinicians have identified at
least eight different points within a cardiac cycle where the
heart 1s in a different position. The generic model represents
expected positions for the average heart. By fitting the
expected motion of the generic model to the actual motion of
the subject’s heart gathered from the cardiac modeling scan,
a patient-specific heart model is obtained. It is preferred that
the model illustrate the position of the subject’s heart in at
least eight phases, but more or fewer phases are contem-
plated. With fewer phases, the model may not capture the full
range of motion of the heart.

[0025] The patient specific shape and motion model is then
stored in a patient model database 13. The patient specific
cardiac models can be stored for an indeterminate length of
time, so that any subsequent SPECT imaging procedure for
that patient may call upon them. Periodically, new patient
specific models can be generated to replace old ones if the
patient is slated to have several SPECT scans or the condition
of the heart changes. Similarly, models stored within the
database 13 can be marked as out of date, or deleted entirely.
It may, however, be beneficial to archive old patient specific
models to compare to newer ones, as an additional diagnostic
tool showing how heart function changes over time.

[0026] Once the patient-specific heart model is generated
and stored, the subject is ready for the SPECT imaging pro-
cedure. If a SPECT/CT scanner was used to create the cardiac
model, then the patient support translates the region of inter-
est from the CT gantry portion to the SPECT gantry portion.
In preparation for the scan, the subject is outfitted with a
respiratory motion sensor 14, such as an optical marker
mounted near the diaphragm and a marker position monitor
such as a video system. RF systems, acoustic systems, other
optical systems, pneumatic systems, and the like are also
contemplated. The sensor 14 is positioned adjacent the sub-
ject’s diaphragm, to detect the periodic motion of the sub-
ject’s respiratory cycle. In particular, the sensor 14 is posi-
tioned such that at least a position of maximum inhale and a
position of maximum exhale are detected. Preferably, an
intermediate respiratory position is sensed midway between
maximum inhale and maximum exhale. A total of three res-
piratory positions is preferred including the two extreme posi-
tions. Additional intermediate respiratory positions can be
generated, event counts permitting.

[0027] Inaddition to connecting the subject with the respi-
ratory sensor 14, cardiac ECG electrodes 15 are applied to the
subject. If the cardiac modeling scan was just performed, then
the subject will already have the ECG electrodes 15 attached.
Once both the cardiac and respiratory sensors are in place, the
subject is ready for nuclear scanning. A respiratory monitor
16 tracks the respiratory cycle, and an ECG monitor 18 tracks
the cardiac cycle during nuclear imaging.

[0028] The subject is injected with a radioactive substance
20. Common radionuclides used in nuclear medicine (SPECT
and PET) include technetium-99m, thallium-201, fluorine-
18, indium-111, gallium-67, iodine-123, iodine-131, and
xenon-133. Typically, each radionuclide is coupled with a
carrier molecule targeted to a specific cellular process. For
myocardial perfusion studies, the carriers that concentrate in
the bloodstream are selected. The carrier molecules tend to
accumulate at the area of interest, and the radionuclide decay
provides information about the location and concentration of
carriers, hence the location of blood, in the area of interest. In
typical cardiac imaging, tracers are used that accumulate in
the well-perfused muscle tissue. The nuclear events are
detected by a detector array 22.
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[0029] Upon reception of a radiation event at the detector
array 22, an event binning processor 24 sorts each event into
an appropriate bin 26. In a preferred embodiment, there are
twenty-four event bins 26. These represent three different
respiratory cycle positions at each of the eight cardiac cycle
positions. When an event is received, the event binning pro-
cessor 24 notes the point in the respiratory cycle from the
respiratory monitor 16 and the point in the cardiac cycle from
the ECG monitor 18. From this information, the event binning
processor 24 is able to sort out each radiation event into its
appropriate bin 26. Optionally, the binning can be achieved
by marking each event with an indicator of the corresponding
points in the respiratory and cardiac cycles. The marking may
be also achieved indirectly through coordinated time stamps
of the events and outputs of the respiratory and cardiac moni-
tors.

[0030] Onceall of the desired events are collected, a recon-
struction processor 30 reconstructs each bin of events into a
separate image. BEach of the twenty-four reconstructed
images is reconstructed with relatively higher spatial resolu-
tion but may be high in noise if the count density is low. Each
of the bins is essentially a snapshot of the heart, in the point of
the cardiac and respiratory cycles that its counts were col-
lected. If all of the events were constructed in a single image
without cycle dependant binning, the single image would be
blurred and degraded by the cardiac and respiratory move-
ment.

[0031] Onceall ofthe events in each of the event bins 26 are
reconstructed into an image, the images are adjusted and
combined. First, a respiratory adjustment processor 32 regis-
ters and combines the disparate respiratory component
images of each cardiac phase. In the preferred embodiment,
there are three images for each imaged point or phase in the
respiratory cycle: one representing maximum inhale, one rep-
resenting maximum exhale, and one representing an interme-
diate respiratory stage, tracked by the motion of the dia-
phragm as reported by therespiratory monitor 16. The motion
caused by the respiratory cycle is virtually all translation in
the cranial-caudal direction. Within each of the eight imaged
cardiac phases the three images are virtually identical except
for offsets in the cranial-caudal direction. The respiratory
adjustment processor 32 compares the three images and
determines a registration transform among the images, e.g., a
translation, a rigid transformation, or an affine transform. In
all cardiac phases, the respiratory shift should be the same. In
one embodiment all cardiac phase images are used to deter-
mine a common rigid transform. Alternately, one or a few
phases can be used to determine the transform for all phases.
As yet another option, a transform is independently deter-
mined for each phase. For example, the respiratory adjust-
ment processor 32 may use the sum of squared gray value
differences as a similarity measure due to the mono-modal
nature of the problem. In this manner, the respiratory adjust-
ment processor 32 develops a respiratory transformation,
which in the simplest case could be a translation vector 34, as
depicted in FIG. 2, directly from the SPECT image data.

[0032] Inthe preferred embodiment, the respiratory adjust-
ment processor includes a transformation routine 36 that
transforms the maximum inhale and the maximum exhale
images to overlay the intermediate image. Alternately the
images can be brought into alignment in other points in the
respiratory cycle, e.g. at one of the extremes. Once aligned,
the three images within each one of the eight imaged cardiac
phases are combined by a summation routine, (38) preferably
in a linear summation of counts. Alternatively, either the
maximum inhale or maximum exhale (or both) may be
weighted more if the intermediate stage images are more
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blurred due to being collected over a wider range of move-
ment. Adjusting and combining the images in each imaged
cardiac phase according to the respiratory transformation
creates a single image for each cardiac phase in which the
spatial blur induced by respiration is removed. Because the
combined image in each phase has more counts, e.g. three
times as many, it has less noise than the originally collected
cardiac and respiratory gated images. In the illustrated
embodiment, the twenty four images are reduced to eight
images, each in a different cardiac phase but in the same
respiratory phase.

[0033] For comparable signal-to-noise properties of the
reconstructed SPECT images for each heart phase, the thresh-
olds can be chosen such that approximately the same number
of the SPECT events falls into each of the respiratory bins. To
minimize residual motion blur during the respective respira-
tory time interval at the resolution scale of the reconstructed
SPECT images, longer data collection time intervals can be
defined at maximum inhale and exhale, where the motion is
minimal, and shorter collection time intervals at intermediate
state(s) where the motion is greater. This will result in an
uneven distribution of the SPECT events over the respiratory
bins, but the original signal-to-noise ratio is retrieved once the
images are combined. This is advantageous if the separate,
respiratory phase-specific images are not useful for diagnos-
tic purposes.

[0034] Alternately, at the cost of some SPECT event counts
in the regions of fastest movement, the intermediate respira-
tory stage can be eliminated or greatly restricted since it has
the highest residual variance. Thus, only the maximum inhale
and exhale (and possibly one or more unblurred intermediate
respiratory stages) can be acquired, transformed, and
summed.

[0035] After the twenty-four images are combined into
eight cardiac phase images in the illustrated embodiment, the
remaining eight images can be combined into a single SPECT
image. With continuing reference to FIG. 1, an operator des-
ignates which point of the cardiac cycle he/she would like to
see in the final image at a user interface 40. Alternatively, a
reference phase may be used as a default. When the eight
(respiratory combined) cardiac phase images have been
established, a cardiac adjustment processor 42 retrieves the
latest patient specific cardiac model from the cardiac model
database 13. The cardiac adjustment processor 42 identifies
which of the eight images (if any) corresponds with the user
input cardiac phase. The cardiac adjustment processor
includes a routine 44 that analyzes the patient specific cardiac
model to generate transforms that transform each of the car-
diac phase images into the user selected phase. The trans-
forms typically include translation, rotation, enlarging, (or
shrinking), summing, and warping of the cardiac phase
images to bring them into alignment with the selected phase.
[0036] More specifically, the transform generating routine
44 of the cardiac adjustment processor 42 first generates a
point-to-point correspondence of the SPECT image data into
the patient specific cardiac shape and motion model. Here, the
patient-specific cardiac shape model corresponding to the
selected cardiac phase is registered or aligned with the respi-
ratory-motion compensated SPECT image for the same car-
diac phase to establish point correspondence. A rigid trans-
formation is sufficient for this task, if the geometry of the two
scans is correct (no scaling, shearing, or warping). The
patient-specific motion map as derived from the cardiac mod-
eling scan is then applied to the corresponding points in the
respiratory-motion compensated SPECT images of the dif-
ferent cardiac phases. The motion vector fields from the
patient-specific motion model are interpolated to determine
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the inverse of the motion vector fields for each pixel of the
reconstructed (and respiratory averaged) SPECT images
from its actual phase to the selected cardiac phase. A trans-
form routine 46 operates on each of the cardiac phase images
to transform it to the selected cardiac phase and a combining
routine 48 combines, e.g. sums, the transformed cardiac
phase images in the selected phase. Of course, the trans-
formed images can be weightedly combined. For example,
images which are transformed the least can be weighted more
that those that are transformed the most.

[0037] Since CT (or other modality) data is being used,
there are other anatomical structures present that are unavail-
able in the SPECT image. This provides more reference
points to gauge the motion of the heart.

[0038] This process effectively removes all components of
motion due to both the cardiac and respiratory cycles. Once
the images are aligned, they are combined into a single diag-
nostic image. Alternatively, the cardiac adjustment processor
can perform the above process to a plurality of selected car-
diac phases. This way. the user could have any number of
cardiac phases in the combined format, or a cine presentation
of the combined images.

[0039] The respiratory adjustment processor 32 and the
cardiac adjustment processor 42 may be defined within a
single computer or distributed among a variety of processing
modules.

[0040] Once the combined SPECT image(s) is acquired, it
is presented to the user on the user interface 40, or alterna-
tively, on a separate output device 50 such as a dedicated
monitor, palm device, hard copy printout, e-mail account,
intranet web server, or the like. The completed images are
also stored in an image archive 52 for convenient recall and
study at a later time.

[0041] As stated before, the illustrated embodiment has
been described utilizing twenty four bins at eight cardiac
phases in each of three respiratory phases, but the number of
bins and the number of cardiac and respiratory phases can be
more or less. It is neither intended that the cardiac cycle be
limited to eight segments, nor that the respiratory cycle be
limited to three segments.

[0042] In an alternate embodiment, the respiratory adjust-
ment processor 32 and the cardiac adjustment processor 42
may be replaced by an iterative reconstruction processor 56 as
depicted in FIG. 3 and FIG. 4. The current image estimate 60
is transformed according to the three respiratory transforma-
tions 36 and the eight cardiac transformations 46 to generate
all twenty four image estimates 64. These image estimates are
then projected to generate twenty four projection estimates 68
that are then compared to the measured projections in the
twenty-four event bins 26 to generate the twenty four ratios
72. These ratios 72 are reconstructed to generate twenty four
update factors 76, the inverse respiratory and cardiac trans-
forms 80 are applied, and the result summed to generate an
overall update factor 84. If the stop condition 88 is met, (e.g.,
maximum number of iterations done, or change in update
factor less than some tolerance), the current image 60 is the
final image. If the stop condition 88 is not met, a new image
estimate is generated 92 and the process continues.

[0043] In an alternate embodiment, the preliminary scan is
not performed to create the patient specific cardiac motion
model. Instead, a generic cardiac motion model is used. This
embodiment carries the advantage of eliminating the prelimi-
nary scan at the cost of the individualized data. This method
would produce faster results with less accuracy.

[0044] In such embodiments, it is advantageous to create a
database from a sufficiently large number of patients. In some
embodiments, the current scan of a specific patient can be
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used as an additional patient in the patient pool, thereby
allowing for update of the data based on a larger population.
The database is derived using gated acquisition with a fixed
number of gates. Ideally, the number of gates used would
match the specific current study, although pooling of gates
and other such methods can also be used. The database may
be derived at a different time and location and may use dif-
ferent imaging equipment. For example, it may be advanta-
geous to image the background patient for the database on a
high-resolution system, which may not be available at the site
of the current study.

[0045] After acquisition, the image data is reconstructed
for each gate and transformation matrices are estimated by
mapping each gate to a reference gate. As with any of the
methods described above, the transformation matrices can be
formed using principal component analysis (PCA), clustering
algorithms, or any other acceptable method.

[0046] Once the database has been derived, a current study
can use the database to correct for motion. For the current
study, gated image data is acquired and reconstructed into
individual gated images. The transform matrices between the
gates images are then estimated using the database of esti-
mated transformation matrices. For PCA, this can be formu-
lated as follows:

Denote the transformation matrix to be estimated with T, -
sent, and the PCA basis of transformation matrices estimated

in database by T,, then T,,,.,,, can be written:

cutoff
Tparimr = Z AxTx
i=1

Therefore, only the expansion coefficients A, have to be esti-
mated from the patient data (instead of the transformation
matrix itself). It is assumed that a small number of expansion
coefficients (e.g. 3-5 oreven less) is sufficient to represent the
transformation matrix to be estimated. Moreover, the number
of expansion terms may be adjusted to the count statistics of
the acquisition. For example, only one expansion term may be
appropriate in case of extremely low count statistics. If more
data becomes available, the number of coefficients may be
increased.

[0047] For clustering algorithms, the task is to find the
cluster of transformation matrices which is most “similar” to
the transformation matrix to be estimated, and use a repre-
sentative of the cluster as estimate for the unknown transfor-
mation matrix.

[0048] Once the estimated transform matrices have been
estimated, the image data can be corrected to compensate for
motion. In this illustrative approach, the number of param-
eters to be estimated from the new patient data is reduced.
Furthermore, such methods can be used with relatively low
count statistics since information is used from the back-
ground patient database. Consequently the number of gates
can be increased, thereby allowing for finer time resolution
for modeling the motion cycle.

[0049] In some embodiments, a patient specific cardiac
motion model can be constructed from the high resolution
scan without melding with a generic heart model. In this
embodiment, a mapping of corresponding points is per-
formed in each phase. A manual mapping procedure is labor
intensive, but can be very accurate.

[0050] In other embodiments, a Doppler ultrasound is used
to generate a direct motion vector field of the motion of the
heart due to respiration. In another embodiment, the cardiac
modeling scan is conducted after the nuclear scan.
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[0051] It should be appreciated that the motion compensa-
tion described in this application is not limited to cardiac, but
rather cardiac motion is merely an illustrative example. For
instance, respiratory motion can be accounted for using the
methods described above to provide transformation matrices
for any organ or region of interest. In embodiments that use a
motion model database, the database can be populated based
on respiratory motion alone or in combination with local
motion of the region of interest, such as, for example, the
heart. Consequently, a database can be derived for each indi-
vidual region of interest.

[0052] Another optional feature for systems that use the
methods described above, would be a user interface that
allows the physician to choose between different motion
compensation options. For example, the user interface can
allow for “traditional” gated motion compensation, specific
patient model based motion compensation, or general data-
base based motion compensation. Any of those methods can
account solely for respiratory motion or can be combined
with cardiac contractile motion compensation. It should be
appreciated that the methods described herein may be further
applied to other physiological motion, including, but not lim-
ited to, peristaltic motion. In embodiments that allow for user
selection of the motion compensation method, the user inter-
face would provide for a selection of the desired motion
compensation method, such as, for example, by indication
with icons or a pull-down list.

[0053] The invention has been described with reference to
the preferred embodiments. Modifications and alterations
may occur to others upon reading and understanding the
preceding detailed description. It is intended that the inven-
tion be constructed as including all such modifications and
alterations insofar as they come within the scope of the
appended claims or the equivalents thereof.

1. A method of respiratory and cardiac movement compen-
sated diagnostic imaging comprising:
generating a plurality of heart images in each of a plurality
of respiratory and cardiac phases with a first imaging
modality;
transforming images of the plurality of images which have
a common cardiac phase and different respiratory
phases into a series of respiratory compensated images
at the plurality of cardiac phases and at a selected com-
mon respiratory phase;
transforming the series of respiratory compensated images
in accordance with a heart shape and motion model to
generate a series of cardiac and respiratory compensated
images in a selected common cardiac phase and the
selected common respiratory phase; and,
combining the images in the selected common cardiac and
respiratory phases.
2. The method according to claim 1 further including:
generating images of a heart of a subject in each of a
plurality of cardiac phases with a second imaging
modality;
fitting a generic heart shape and motion model to the gen-
erated heart images to generate a subject specific heart
shape and motion model.
3. The method according to claim 2, wherein the second
imaging modality is nuclear.
4. The method according to claim 3, wherein the first
imaging modality is cardiac gated CT.
5. The method according to claim 4, wherein the first
plurality of images is generated from CT data collected dur-
ing a single breath hold.
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6. The method according to claim 2, wherein the plurality
of first imaging modality images are in a common respiratory
phase.

7. The method according to claim 1, wherein the plurality
of firstimaging modality images includes images in each of N
cardiac phases and M respiratory phases, where N and M are
plural integers, such that the plurality of first imaging modal-
ity images includes NxM images.

8. The method according to claim 7, wherein the N respi-
ratory phases include a maximum inhale phase and a maxi-
mum exhale phase.

9. The method according to claim 1, wherein generating the
plurality of first imaging modality images includes:

acquiring data with cardiac and respiratory gating; and,

reconstructing data with common respiratory and cardiac
phases into the plurality of first imaging modality
images.

10. The method according to claim 1 wherein the plurality
of generated heart images are current estimate heart images
and iteratively repeating the following steps until a stop con-
dition is met:

performing the first and second transforming steps with the
estimate heart images to generate a series of cardiac and
respiratory compensated estimate images;

projecting the series of cardiac and respiratory compen-
sated estimate images to generate a series of projection
estimates;

comparing the projection estimates with measured projec-
tions to generate a series of ratios;

reconstructing the ratios to generate a series of update
factors;

applying inverses of the firstand second transforming steps
to generate an overall update factor.

11. A diagnostic imaging apparatus including a processor

programmed to perform the method of claim 1.

12. A method of compensating for respiratory and cardiac
movement in diagnostic image reconstruction comprising:

monitoring respiratory activity of a subject during a
nuclear imaging scan and creating a respiratory move-
ment vector,

monitoring cardiac activity of the subject during the scan;

binning raw image data acquired during the scan in accor-
dance with its occurrence in both respiratory and cardiac
phases;

reconstructing the binned raw data into a plurality of
images;

transforming the images in accordance with the respiratory
movement vector;

adjusting the resultant transformed images in accordance
with a heart shape and motion model; and,

combining the adjusted images.

13. A diagnostic imaging apparatus comprising:

a first modality scanner that generates a plurality of heart
images in each of a plurality of respiratory and cardiac
phases;

a respiratory adjustment processor that transforms images
of the plurality of images which have a common cardiac
phase and different respiratory phases into a series of
respiratory compensated images at the plurality of car-
diac phases at a selected common respiratory phase;

a cardiac transforming routine that transforms the series of
respiratory compensated images in accordance with a
heart shape and motion model to generate a series of
cardiac and respiratory compensated images in a
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selected common cardiac phase and the selected com-
mon respiratory phase; and,

acardiac summing routine that combines the images in the
selected common cardiac and respiratory phases.

14. The diagnostic imaging apparatus according to claim

13, further including:

a cardiac model generating scanner that generates images
of a heart of a subject in each of a plurality of cardiac
phases with a first imaging modality;

a model creation processor that fits a heart shape and
motion model to the generated heart images to generate
a subject specific heart movement model.

15. An image reconstruction processor for use in conjunc-

tion with cardiac nuclear imaging procedures comprising:
arespiratory adjustment processor that receives a plurality
of images of differing respiratory phases and differing
cardiac phases and adjusts the images of differing res-
piratory phases and cardiac phases into a series of
images with a common respiratory phase and the differ-
ing cardiac phases;

a cardiac adjustment processor that receives the series
images from the respiratory adjustment processor and
adjusts the series images into a common cardiac phase
and the common respiratory phase.

16. The image reconstruction processor according to claim
15, wherein the respiratory adjustment processor (32)
includes:

a transformation routine, such as a translation that trans-
forms images of different respiratory phases and the
same cardiac phase to spatially overlay each other.

17. The image reconstruction processor according to claim

15, wherein the cardiac adjustment processor includes:

a transform calculating routine that creates a transform for
warping, translating rotating, and zooming the series
images at the differing cardiac phases into the common
cardiac phase.

18. The image reconstruction processor according to claim
17, wherein the cardiac adjustment processor further
includes:

a transform application routine that applies the transform
to each image of the series images to generate a series of
images with the common respiratory phase and the com-
mon cardiac phase.

19. A diagnostic imaging apparatus comprising:

a processor or algorithm which determines a transform
from a heart shape and motion model;

a processor or transform which applies the determined
transform to nuclear image data to transform the image
data to a common cardiac phase;

a combining processor or algorithm which combines the
transformed image data into a cardiac image in a
selected cardiac phase.
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20. The diagnostic imaging apparatus according to claim
19 wherein the nuclear image data to be transformed has been
corrected for respiratory motion.
21. The diagnostic imaging apparatus according to claim
20 wherein the nuclear image data is respiratory motion cor-
rected to a selected respiratory phase selected from only those
respiratory phases which are sufficiently stable to avoid blur-
ring artifacts.
22. A method of compensating for motion in medical imag-
ing comprising:
generating a database of gated transform matrices based on
image data from a patient pool, wherein the gated trans-
form matrices compensate for respiratory motion;

acquiring gated image data fora current image to be motion
corrected;

reconstructing the image data to form gated images;

using the transformation matrices collected in the database

to estimate a current set of transformation matrices
accounting for respiratory motion; and

generating a current motion-compensated image based on

the current set of transform matrices.

23. The method of claim 22 further including generating a
database of transform matrices compensating for other physi-
ological motion and wherein the current set of transform
matrices are based on the respiratory motion transform matri-
ces and the physiological motion transform matrices from the
respective databases.

24. The method of claim 23 wherein the physiological
motion compensation transform matrices account for cardiac,
peristaltic or other physiological motion.

25. A user interface for a medical imaging system compris-
ing:

a display for displaying images; and

a motion compensation selector, wherein the motion com-

pensation selection mechanism allows the user to select
a motion compensation method.

26. The user interface of claim 25, wherein the selectable
motion compensation method includes at least one of a spe-
cific patient model based motion compensation method and
general database based motion compensation method.

27. The user interface of claim 25, wherein the selectable
motion compensation method includes both a specific patient
model based motion compensation method and general data-
base based motion compensation method.

28. The user interface of claim 26 further comprising a
motion compensation method selector, wherein the motion
type includes respiratory and other physiological motion.

29. The user interface of claim 27 further comprising a
motion compensation method selector, wherein the motion
type includes respiratory and other physiological motion.
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