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(57) ABSTRACT

An imaging system automatically determines a cardiac tim-
ing parameter for acquiring a cardiac image in a heart phase.
An interface receives data identifying a heart image orienta-
tion for image acquisition. A repository of data associates, for
acquisition of an image in a particular heart phase, different
image orientations with corresponding different data items
identifying respective corresponding particular acquisition
points within an individual heart cycle relative to a start point
of the heart cycle. Anacquisition timing processor determines
from the repository of data, a particular acquisition point
within an individual heart cycle relative to the start point of
the heartcycle, inresponse to the received data identifying the
heart image orientation and uses the determined particular
acquisition point to provide a synchronization signal for trig-
gering acquisition of an image at the particular heart phase.
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@811 B2

RECEIVE DATA IDENTIFYING A HEART IMAGE ORIENTATION FOR IMAGE
ACQUISITION AND DATA INDICATING A PATIENT HEART RATE AND AN IMAGE
VOLUME OF INTEREST RECEIVED BY SAID INTERFACE.

v /815

STORE IN A REPOSITORY OF DATA ASSOCIATING, FOR ACQUISITION OF AN IMAGE IN A
PARTICULAR HEART PHASE, DIFFERENT IMAGE ORIENTATIONS, DIFFERENT PATIENT
HEART RATES OR HEART RATE RANGES AND DIFFERENT IMAGE VOLUMES OF
INTEREST, WITH CORRESPONDING DIFFERENT DATA ITEMS IDENTIFYING RESPECTIVE
CORRESPONDING PARTICULAR ACQUISITION POINTS WITHIN AN INDIVIDUAL HEART
CYCLE RELATIVE TO A START POINT OF THE HEART CYCLE

v -~ 818

DETERMINE FROM THE REPQOSITORY OF DATA, A PARTICULAR ACQUISITION POINT
WITHIN AN INDIVIDUAL HEART CYCLE RELATIVE TO THE START POINT OF THE
HEART CYCLE, IN RESPONSE TO THE RECEIVED DATA IDENTIFYING THE HEART
IMAGE ORIENTATION AND DATA INDICATING A PATIENT HEART RATE AND AN IMAGE
VOLUME OF INTEREST

821
"

IDENTIFY ADJUSTMENT RELATIVE TO A PREDETERMINED HEART CYCLE POINT TO
PROVIDE AN ADJUSTED PARTICULAR ACQUISITION POINT USING THE DIFFERENT
DATA ITEMS IDENTIFYING RESPECTIVE CORRESPONDING PARTICULAR
ACQUISITION POINTS WITHIN AN INDIVIDUAL HEART CYCLE

827

USE THE DETERMINED ADJUSTED PARTICULAR ACQUISITION POINT TO PROVIDE A
SYNCHRONIZATION SIGNAL FOR TRIGGERING ACQUISITION OF AN IMAGE AT THE
PARTICULAR HEART PHASE

l

Cenp_>— 831
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@ 911 /912

RECEIVE DATA IDENTIFYING A HEART IMAGE ORIENTATION FOR IMAGE
ACQUISITION

v /915

STORE IN AREPQOSITORY A PLURALITY OF SETS OF VOLUME IMAGE DATA
ACQUIRED AT SUCCESSIVE POINTS WITHIN A HEART CYCLE AND REPRESENTING A
VOLUME OF A HEART OF A PATIENT IN SUCCESSIVE DIFFERENT HEART PHASES

921
-

USE THE PLURALITY OF SETS OF VOLUME IMAGE DATA FOR DETERMINING A
CORRESPONDING RESPECTIVE PLURALITY OF TWO DIMENSIONAL (2D) IMAGES
WITHIN THE VOLUME AT THE HEART IMAGE ORIENTATION BY,

DETERMINING COORDINATE POINTS REPRESENTING A FIRST 2D
IMAGE THROUGH THE VOLUME AT THE PREDETERMINED POINT AND ALSO AT THE
HEART IMAGE ORIENTATION AND

DETERMINING 2D IMAGES WITHIN THE VOLUME AT THE COORDINATE
POINTS AND THE HEART IMAGE ORIENTATION FOR THE PLURALITY OF SETS OF
VOLUME IMAGE DATA AT OTHER POINTS OF THE SUCCESSIVE POINTS

927
d

DETERMINE AT LEAST ONE OF, (A) PARTICULAR 2D IMAGE OF THE PLURALITY OF
2D IMAGES AND (B) A PARTICULAR TIME IN THE HEART CYCLE RELATIVE TO A
START OF THE HEART CYCLE, IN RESPONSE TO CORRELATION OF SUCCESSIVE
IMAGES OF THE PLURALITY OF 2D IMAGES

l
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AUTOMATIC SYSTEM FOR TIMING IN
IMAGING

[0001] This application claims priority to U.S. provisional
application Ser. No. 61/718,731 filed Oct. 26, 2012, which is
incorporated herein by reference in its entirety.

FIELD OF THE INVENTION

[0002] Thisinvention concerns animaging system for auto-
matic determination ofa cardiac timing parameter for acquir-
ing a cardiac image in a desired heart phase.

BACKGROUND OF THE INVENTION

[0003] Despite improvement in hardware, modern imaging
methods including MRI are sensitive to motion of imaging
objects such as organs. The sources of motion include physi-
ological motion from heart beating, respiratory motion, as
well as voluntary and involuntary movement of patients dur-
ing imaging procedures. Such motion leads to compromised
image quality. In cardiac MRI for example, motion may lead
to blurring of heart images, ghosting artifacts of the chest wall
and/or other moving organs, or heterogeneous signal distri-
bution across homogeneous tissue, e.g., a myocardium and
blood pool. Consequently, the motion may result in non-
diagnostic quality images or even false positive or negative
findings.

[0004] Increased imaging speed improves patient comfort
and imaging throughput and reduces the impact of motion on
images. State-of-the-art MR scanners are equipped with a
strong magnetic gradient system for fast switching of gradi-
ent pulses within the limits of peripheral nerve stimulation for
increased imaging speed. High density coil arrays are used
providing advanced sampling and reconstruction methods for
accelerated imaging by under-sampling imaging data. While
these features may improve image quality and consistency of
results, the degree of motion is still larger than a typical
imaging voxel size and the speed of motion is significant
compared to image acquisition time in many applications and
causes degraded image quality.

[0005] Imaging a moving heart has been typically per-
formed by synchronizing data acquisition to an electrocardio-
gram (ECG) signal. This ensures imaging data may be con-
sistently acquired in the same cardiac phase with same degree
of cardiac motion, or acquired in a specific time period (typi-
cally mid-diastole or end-systole) comprising minimal cat-
diac motion. Precise motion control is desirable for many
cardiac applications that require high spatial resolution or
homogeneous signal. For example, visualization of coronary
artery lumen and/or a coronary vessel wall requires sub-
millimeter spatial resolution while cardiac motion may be of
the order of a centimeter. Tissue characterization relies on
subtle difference in MR luminance signal intensity between
normal and pathological myocardium and signal intensity
may be skewed by motion.

[0006] Further, parametric mapping methods (T1, T2, T2*
based method) require motion control to derive accurate
pixel-wise relaxation parameters. These methods require
accurate selection of an image acquisition trigger time to
minimize adverse impact on image results from cardiac
motion. A system according to invention principles addresses
deficiencies of the known imaging methods in imaging in the
presence of motion and related problems.
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SUMMARY OF THE INVENTION

[0007] FIG. 2 shows known image acquisition short-axis
(row 203) and four-chamber (row 205) views from a healthy
patient acquired using a clinical dark-blood turbo spin-echo
sequence showing that image quality depends on the selection
of trigger time, and the optimal acquisition time varies for
different views even for the same patient. Trigger time (TT)
refers to delay time between an electrocardiogram RR wave
and acquisition of center k-space lines. The images show
dependence of image quality on the selection of TT in both
views, as well as difference in optimal TT in short-axis and
four-chamber views of the same patient, according to inven-
tion principles. Optimal image 207 for the four chamber view
is acquired at TT=705 ms whereas optimal image 209 for the
short axis view is acquired at TT=755 ms, for example. An
MR imaging system automates selection of patient-specific,
orientation-dependent optimal timing parameters in order to
achieve consistent, operator-independent image quality with
minimal motion artifacts in cardiac imaging, for example. An
imaging system automatically determines a cardiac timing
parameter for acquiring a cardiac image in a desired heart
phase. An interface receives data identifying a heart image
orientation for image acquisition. A repository of data asso-
ciates, for acquisition of an image in a particular heart phase,
different image orientations with corresponding different
data items identifying respective corresponding particular
acquisition points within an individual heart cycle relative to
a start point of the heart cycle. An acquisition timing proces-
sor determines from the repository of data, a particular acqui-
sition point within an individual heart cycle relative to the
start point of the heart cycle, in response to the received data
identifying the heart image orientation and uses the deter-
mined particular acquisition point to provide a synchroniza-
tion signal for triggering acquisition of an image at the par-
ticular heart phase.

BRIEF DESCRIPTION OF THE DRAWING

[0008] FIG. 1 shows an imaging system for automatic
determination of a cardiac timing parameter for acquiring a
cardiac image in a desired heart phase, according to invention
principles.

[0009] FIG. 2 shows images from a healthy patientin short-
axis and four-chamber views using a dark-blood prepared
Turbo Spin-Echo (TSE) sequence.

[0010] FIG. 3 shows 4D (3D cine or stack of 2D cine)
images being used to derive information for automatic scan
planning, according to invention principles.

[0011] FIG. 4 shows a reference volume being automati-
cally selected, e.g., a 3D volume in mid-diastole cardiac
phase (close to 75% of the R-R interval) for subsequent
processing, according to invention principles.

[0012] FIG. 5 shows system automatic determination of
cardiac views (e.g., 4-chamber, 3-chamber, 2-chamber
views) and an imaging field-of-view and determination of
coordinate and normal vectors for the individual views,
according to invention principles.

[0013] FIG. 6 shows propagation of calculated coordinate
and normal information to remaining temporal volumes so
that individual views are reformatted from volumetric data of
each temporal phase, according to invention principles.
[0014] FIG. 7 shows for each individual view, system com-
bination of images of different cardiac phases and analysis of
each cine image series to derive view-specific motion-time
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information in order to identify a time period with minimal
cardiac motion, according to invention principles.

[0015] FIG. 8 shows a flowchart of a process performed by
an imaging system for automatic determination of a cardiac
timing parameter for acquiring a cardiac image in a desired
heart phase, according to invention principles.

[0016] FIG. 9 shows a flowchart of a process performed by
an imaging system for automatic determination of a time in a
cardiac cycle for acquiring a cardiac image in a desired heart
phase, according to invention principles.

DETAILED DESCRIPTION OF THE INVENTION

[0017] An MR imaging system according to invention prin-
ciples automates selection of patient-specific, orientation-
dependent optimal timing parameters in order to achieve con-
sistent, operator-independent image quality with minimal
motion artifacts in cardiac imaging, for example. The system
automates selection of scanning views and imaging field-of-
view, in providing automated cardiac scans with patient-spe-
cific, operator-independent settings for optimal image qual-
ity.

[0018] Thedegree of cardiac motion and required synchro-
nization vary substantially among patients. Known empirical
equations (e.g., equation trigger delay=|(tzz-350)x0.3]+
350) do not describe patient-specific cardiac motion. The
inventors have advantageously recognized that for a specific
patient, cardiac motion depends on imaging orientation since
activation of myocardium in different parts of the heart varies
and may not be correlated. Such lack of correlation is shown
in FIG. 2. This is more problematic in patients with cardiac
dyssynchrony. In known clinical procedure, selection of tim-
ing for cardiac MRI imaging data acquisition is typically
based on one of the following methods, 1) estimating a timing
value based on an empirical equation or 2) identifying quies-
cent cardiac phases with minimal cardiac motion by examin-
ing specific cine images (mostly in a 4-chamber view of the
heart). Both methods of timing selection are problematic.
Method 1) is not specific to a given patient or imaging orien-
tation and method 2) is also not specific to imaging orienta-
tion and is highly operator dependent.

[0019] Ttis known that view planning for cardiac MRI can
be automated from a static 3D imaging volume or a stack of
2D images. It is also known that an imaging field-of-view in
cardiac MRI may be automatically determined and image
acquisition pulse sequence timing parameters may be deter-
mined for optimal blood signal suppression for dark-blood
and inversion preparation. Combination of these methods
facilitates automating image plane determination and reduces
operator dependence. However, known systems fail to sup-
port automatic selection of optimal timing parameters for
minimizing cardiac motion induced artifacts.

[0020] FIG. 1 shows imaging system 10 for automatic
determination of a cardiac timing parameter for acquiring a
cardiac image in a desired heart phase. System 10 advanta-
geously employs a 4D (or time-resolved 3D) volume instead
of a static 3D volume, in providing an automated process for
cardiac magnetic resonance imaging, including scan view
planning, field-of-view determination and patient- and view-
specific optimal timing selection. System 10 comprises an
automated MR image data acquisition system for automated
cardiac examinations according to some embodiments of the
present invention.

[0021] In system 10, magnet 12 creates a static base mag-
netic field in the body of patient 11 to be imaged and posi-
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tioned on a table. Within the magnet system are gradient coils
14 for producing position dependent magnetic field gradients
superimposed on the static magnetic field. Gradient coils 14,
in response to gradient signals supplied thereto by a gradient
and shimming and pulse sequence control module 16, pro-
duce position dependent and shimmed magnetic field gradi-
ents in three orthogonal directions and generates magnetic
field pulse sequences. The shimmed gradients compensate for
inhomogeneity and variability in an MR imaging device mag-
netic field resulting from patient anatomical variation and
other sources. The magnetic field gradients include a slice-
selection gradient magnetic field, a phase-encoding gradient
magnetic field and a readout gradient magnetic field that are
applied to patient 11.

[0022] Further RF (radio frequency) module 20 provides
RF pulse signals to RF coils 18, which in response produce
magnetic field pulses which rotate the spins of the protons in
the imaged body 11 by ninety degrees or by one hundred and
eighty degrees for so-called “spin echo” imaging, or by
angles less than or equal to 90 degrees for so-called “gradient
echo”imaging. Pulse sequence control module 16 in conjunc-
tion with RF module 20 as directed by central control unit 26,
control slice-selection, phase-encoding, readout gradient
magnetic fields, radio frequency transmission, and magnetic
resonance signal detection, to acquire magnetic resonance
signals representing planar slices of patient 11.

[0023] Inresponsetoapplied RF pulse signals, the RF coils
18 receives MR signals, i.e., signals from the excited protons
within the body as they return to an equilibrium position
established by the static and gradient magnetic fields. The
MR signals are detected and processed by a detector within
RF module 20 and k-space component processor unit 34 to
provide image representative data to an image data processor
in central control unit 26. ECG synchronization signal gen-
erator 30 provides ECG signals used for pulse sequence and
imaging synchronization. A two or three dimensional k-space
storage array of individual data elements in unit 34 stores
corresponding individual frequency components comprising
an MR dataset.

[0024] Computer 28 (or at least one processing device in
one or more other units of system 10 in a different embodi-
ment) includes an interface, repository and image data pro-
cessor including an acquisition timing processor. The inter-
face receives data identifying a heart image orientation for
image acquisition. The repository includes data associating,
different image orientations with corresponding different
data items identifying respective corresponding particular
acquisition points within an individual heart cycle relative to
astart point of the heart cycle. The repository association data
is used for acquisition of an image in a particular heart phase.
The acquisition timing processor determines from the reposi-
tory of data, a particular acquisition point within an individual
heart cycle relative to the start point of the heart cycle, in
response to the received data identifying the heart image
orientation. Also the acquisition timing processor uses the
determined particular acquisition point to provide a synchro-
nization signal for triggering acquisition of an image at the
particular heart phase. The image data processor uses mul-
tiple sets of volume image data for determining correspond-
ing respective multiple two dimensional (2D) images within
a volume at the heart image orientation. Further, the image
data processor determines at least one of, (a) particular 2D
image of the multiple 2D images and (b) a particular time in
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the heart cycle relative to a start of the heart cycle, in response
to correlation of successive images of the plurality of 2D
images.

[0025] FIG. 3 shows 4D (3D cine or 2D cine) images being
used to derive information for automatic scan planning Sys-
tem 10 automates view planning in cardiac imaging, field-of-
view calculation and optimal timing parameter selection by
optimized selection of parameters for specific patient and
imaging views. Specifically, system 10 in one embodiment
employs a method involving acquiring 4D images 303, 305,
307-309, 311 covering an entire heart over a cardiac cycle.
System 10 acquires the images as a 3D cine or a stack of 2D
cine slices. The system 10 method further involves automatic
selection of areference volume (e.g. comprising image data at
a particular cardiac phase) for segmentation. The image data
processor in computer 28 performs segmentation of the heart
from an imaging volume derived for a particular cardiac
phase. The use of an imaging volume acquired at a diastolic
phase is shown herein, since most subsequent cardiac scans
for morphology, tissue characterization, and angiography are
acquired during a mid-diastole phase.

[0026] FIG. 4 shows a reference volume being automati-
cally selected by the image data processor, e.g., a 3D volume
in mid-diastole cardiac phase (close to 75% of the R-R inter-
val) for subsequent processing. Although not being patient
specific, known previous whole-heart studies from dual-
source Computed Tomography, for example. indicate an
overall optimal reconstruction window is substantially 75%
of an R-R interval in patients. For the purposes of the present
disclosure, the term “substantially 75%” of an R-R interval
refers to an overall optimal reconstruction window that is
between 70% and 80% of an R-R interval” An imaging
volume substantially 75% 403 of the R-R interval is used as a
reference frame for subsequent automatically performed
steps of the system 10 method for view planning, field-of-
view calculation and optimal timing parameter selection.
Timing parameter selection is refined in subsequent steps of
the method.

[0027] FIG. 5 shows automatic determination by the image
data processor of cardiac views (e.g., 4-chamber, 3-chamber,
2-chamber views) and an imaging field-of-view and determi-
nation of coordinate and normal vectors for the individual
views comprising the reference volume determined in con-
nection with FIG. 4 and that will be used for subsequent
scans. The image data processor in computer 28 calculates
clinical cardiac views and an imaging field-of-view automati-
cally and uses a known method to derive coordinate and
normal vectors 503, 506 for clinical cardiac views calculated
from the reference volume. A known method for deriving
coordinate and normal vectors is described, for example, in
“Method and System for Automatic View Planning for Car-
diac Magnetic Resonance Imaging Acquisition”, application
Ser. No. 13/293,239, Publication number: US 2012/0121152,
filed Nov. 10, 2011, or “Automatic Determination of Field of
View In Cardiac MRI”, application Ser. No. 12/393,23¢;
Publication number: US 2009/0290776, filed Feb. 26, 2009.
The entirety of both application Ser. No. 13/293,239 and
application Ser. No. 12/393,236 is hereby incorporated by
reference.

[0028] FIG. 6 shows propagation by the image data proces-
sor of calculated coordinate and normal information of the
reference volume (coordinate and normal vectors 503, 506
FIG. 5) determined for the reference volume (at 75% of the
RR interval) to remaining temporal phase volumes 603, 605,
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607, 609, 611 and 613 of four chamber (row 620) and short
axis (row 625) views so that the individual views are refor-
matted from volumetric data of each temporal phase. This
step enables automated imaging determination for subse-
quent imaging to be performed at any phase in the cardiac
cycle.

[0029] FIG. 7 shows for each individual view, combination
by the image data processor of images of different cardiac
phases and analysis of each cine image series to derive view-
specific motion-time information in order to identify a time
period with minimal cardiac motion. For each individual
cardiac view, the image data processor combines images cal-
culated from each temporal volume to form a cine image
series. Cine images from each view may be used for deriving
view-specific motion information as a function of trigger
time. For instance, in one embodiment, cross-correlation
between successive cardiac phases is calculated as an indica-
tion of cardiac motion. Cardiac phases with cross-correlation
coefficient (CC) above a threshold (o) may be used to guide
subsequent orientation-specific timing settings. For instance,
cardiac phases fulfilling CC>(CCmax-o.(CCmax-CCmin)
are used in one embodiment. Selection of threshold (a) is
application specific and is predetermined to facilitate the
automation of trigger time calculation. For angiographic
applications (e.g., coronary lumen or coronary wall imaging),
it is determined that a=0.05 is substantially optimal to
achieve good motion control as well as reasonable imaging
time and effective fat saturation.

[0030] The image data processor calculates correlation
coefficient between image pairs of successive cardiac phases.
Specifically, the image data processor determines correlation
of successive image pairs of a four chamber view as illus-
trated in graph 703 showing a plot of cross correlation (y axis)
of successive image pairs against phase number (X axis)
where a heart cycle has 40 cardiac phases. Thereby the image
data processor calculates view-specific (four-chamber in this
case) motion-time information. In this figure correlation
coefficient between successive cardiac phases is calculated.
For this patient, cardiac phase number 28 to 33 were identi-
fied as diastasis (minimal cardiac motion), corresponding to
an optimally timed acquisition window from 630 to 750
msec. The image data processor in computer 28 stores calcu-
lated cardiac views, field-of-view and optimal timing param-
eters in the repository in computer 28 for use during an
imaging examination. The image data processor automati-
cally optimizes and stores parameter settings for subsequent
measurements for cardiac morphology, tissue characteriza-
tion, angiography and other applications for optimal timing
selection.

[0031] For each individual view, the image data processor
combines images of phases and analyze each cine image
series to derive view-specific motion information as a func-
tion of trigger time in order to identify a time period with
minimal cardiac motion. A repository of data in computer 28
associates, for acquisition of an image in a particular heart
phase, different image orientations, different patient heart
rates or ranges and different image volumes of interest, with
corresponding different data items identifying respective cor-
responding particular acquisition points within an individual
heart cycle relative to a start point of the heart cycle.

[0032] Table 1 shows association of different patient heart
rate ranges with corresponding different data items identify-
ing respective corresponding particular acquisition points
within an individual heart cycle relative to a start point of the
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heart cycle (percentage of an RR cycle from start of the RR
cycle). Patients with slow heart rate tend to have a quiescent
period (with less heart motion) during mid-diastole. How-
ever, in patients with increased heart rate, such a quiescent
period is better observed in late-systole of a heartbeat. The
data for a particular patient identifying different patient heart
rate ranges with respective corresponding particular acquisi-
tion points within an individual heart cycle relative to a start
point of the heart cycle may be empirically determined for the
patient concerned.

TABLE 1

Timing selection based on heart rate.

Heart rate Optimal timing
(beats/minute) (with reference to RR interval)
>65 40%
<=65 75%

[0033] Table 2 shows association of different image orien-
tations with corresponding different data items identifying
respective corresponding particular acquisition points within
an individual heart cycle relative to a start point of the heart
cycle (time range from start of the RR cycle). The right heart
has more motion relative to the left heart. Therefore a shorter
time duration is used for imaging the right heart (for example,
right coronary artery) in comparison to the left heart (for
example, left anterior coronary artery).

TABLE 2

Timing selection based on imaging orientation of interest.

Imaging orientation of interest ~ Optimal duration for imaging data readout

Left heart 100-150 msec
Right heart 80-120 msec
[0034] Table 3 shows association of different image vol-

umes of interest with corresponding different data items iden-
tifying respective corresponding particular acquisition points
within an individual heart cycle relative to a start point of the
heart cycle (time range from start of the RR cycle). The
system determines an optimized imaging protocol timing for
cardiac imaging in response to the recognition that there is a
shorter quiescent period in the atrium compared to a ventricle
of the heart, for example.

TABLE 3

Timing selection based on imaging volume in the heart.

Imaging volume of interest Optimal duration for imaging data readout

Heart atrium 60-80 msec
Heart ventricle 100-120 msec
[0035] Returning to FIG. 1, central control unit 26 uses

information stored in an internal database to process the
detected MR signals in a coordinated manner to generate high
quality images of a selected slice (or slices) of the body and
adjusts other parameters of system 10. The stored information
comprises predetermined pulse sequence and magnetic field
gradient and strength data as well as data indicating timing,
orientation and spatial volume of gradient magnetic fields to
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be applied in imaging. Generated images are presented on
display 40. Computer 28 includes a graphical user interface
(GUT) enabling user interaction with central controller 26 and
enables user modification of magnetic resonance imaging
signals in substantially real time. Display processor 37 pro-
cesses the magnetic resonance signals to provide image rep-
resentative data for display on display 40, for example.

[0036] FIG. 8 shows a flowchart of an MR (Magnetic Reso-
nance) method performed by system 10 (FIG. 1) for auto-
matic determination of a cardiac timing parameter for acquir-
ing a cardiac image in a desired heart phase. In step 812
following the start 811, an interface in at least one processing
device (e.g. computer 28) in system 10 receives data identi-
fying a heart image orientation for image acquisition, data
indicating a patient heart rate and an image volume of interest.
In one embodiment, the different image orientations include:
(a) a short-axis orientation, (b) a four-chamber orientation, (c)
a three-chamber orientation, (d) a two-chamber orientation,
(e) a left heart orientation, and (e) a right heart orientation.
The different image volumes of interest comprise a heart
atrium and a heart ventricle and the different patient heart rate
ranges comprise below and above 65 beats per minute, for
example.

[0037] Instep 815 the at least one processing device stores
in repository 17 data associating, for acquisition of an image
in a particular heart phase, different image orientations, data
indicating a patient heart rate and an image volume of interest,
with corresponding different data items identifying respec-
tive corresponding particular acquisition points within an
individual heart cycle relative to a start point of the heart
cycle. In one embodiment, the particular heart phase is
selected from at least one of, (a) an end-of-systole phase and
(b) a mid-of-diastole phase. The at least one processing
device in step 818 determines from the repository of data, a
particular acquisition point within an individual heart cycle
relative to the start point of the heart cycle by in one embodi-
ment identifying adjustments relative to a predetermined
heart cycle point, in response to the received data identifying
the heart image orientation and received data indicating a
patient heart rate and an image volume of interest.

[0038] In step 821 the at least one processing device iden-
tifies adjustment relative to a predetermined heart cycle point
to provide an adjusted particular acquisition point using the
different data items identifying respective corresponding par-
ticular acquisition points within an individual heart cycle. In
one embodiment, the predetermined heart cycle point com-
prises a point at substantially 75% of a heart cycle between
successive ECG R-waves. The at least one processing device
in step 827 uses the determined adjusted particular acquisi-
tion point to provide a synchronization signal for triggering
acquisition of an image at the particular heart phase. The
process of FIG. 8 terminates at step 831.

[0039] FIG. 9 shows a flowchart of a process performed by
system 10 (FI1G. 1) for automatic determination of a timein a
cardiac cycle for acquiring a cardiac image in a desired heart
phase. In step 912 following the start 911, an interface in at
least one processing device in system 10 receives data iden-
tifying a heart image orientation for image acquisition, data
indicating a patient heart rate and an image volume of interest.
In one embodiment, the different image orientations include:
(a) ashort-axis orientation, (b) a four-chamber orientation, (c)
a three-chamber orientation, (d) a two-chamber orientation,
(e) a left heart orientation, and (e) a right heart orientation.
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[0040] 1Instep 915 the at least one processing device stores
in repository 17 a plurality of sets of volume image data
acquired at successive points within a heart cycle and repre-
senting a volume of a heart of a patient in successive different
heart phases. The successive points include a predetermined
point within the heart cycle. In one embodiment, the prede-
termined heart cycle point comprises a point at substantially
75% of the heart cycle between successive ECG R-waves. In
an embodiment, the particular heart phase is selected from at
least one of, (a) an end-of-systole phase and (b) a mid-of-
diastole phase. In step 921, an image data processor in the at
least one processing device uses the plurality of sets of vol-
ume image data for determining a corresponding respective
plurality of two dimensional (2D) images within the volume
at the heart image orientation. The image data processor
determines the corresponding respective plurality of 2D
images by, determining coordinate points representing a first
2D image through the volume at the predetermined point and
also at the heart image orientation and determining 2D
images within the volume at the coordinate points and the
heart image orientation for the plurality of sets of volume
image data at other points of the successive points.

[0041] In step 927 the image data processor determines at
least one of, (a) particular 2D image of the plurality of 2D
images and (b) a particular time in the heart cycle relative to
astart of the heart cycle, in response to correlation of succes-
sive images of the plurality of 2D images. The particular 2D
image of the plurality of 2D images and the particular time in
the heart cycle, correspond to a particular heart cycle phase
within the heart cycle. In one embodiment, the image data
processor determines at least one of; (a) particular 2D image
of the plurality of 2D images corresponding to the end-of-
systole phase and (b) a particular time in the heart cycle
relative to a start of the heart cycle corresponding to the
end-of-systole phase, in response to substantially minimizing
correlation of luminance content of the successive images of
the plurality of 2D images. In another embodiment, the image
data processor determines at least one of, (a) particular 2D
image of the plurality of 2D images corresponding to the
mid-of-diastole phase and (b) a particular time in the heart
cycle relative to a start of the heart cycle corresponding to the
end-of-diastole phase, in response 1o substantially maximiz-
ing correlation of luminance content of the successive images
of the plurality of 2D images. The process of FIG. 9 termi-
nates at step 931.

[0042] A processor as used herein is a device for executing
machine-readable instructions stored on a computer readable
medium, for performing tasks and may comprise any one or
combination of, hardware and firmware. A processor may
also comprise memory storing machine-readable instructions
executable for performing tasks. A processor acts upon infor-
mation by manipulating, analyzing, modifying, converting or
transmitting information for use by an executable procedure
or an information device, and/or by routing the information to
an output device. A processor may use or comprise the capa-
bilities of a computer, controller or microprocessor, for
example, and is conditioned using executable instructions to
perform special purpose functions not performed by a general
purpose computer. A processor may be coupled (electrically
and/or as comprising executable components) with any other
processor enabling interaction and/or communication there-
between. A user interface processor or generator is a known
element comprising electronic circuitry or software or a com-
bination of both for generating display images or portions
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thereof. A user interface comprises one or more display
images enabling user interaction with a processor or other
device.

[0043] An executable application, as used herein, com-
prises code or machine readable instructions for conditioning
the processor to implement predetermined functions, such as
those of an operating system, a context data acquisition sys-
tem or other information processing system, for example, in
response to user command or input. An executable procedure
is a segment of code or machine readable instruction, sub-
routine, or other distinct section of code or portion of an
executable application for performing one or more particular
processes. These processes may include receiving input data
and/or parameters, performing operations on received input
data and/or performing functions in response to received
input parameters, and providing resulting output data and/or
parameters. A graphical user interface (GUT), as used herein,
comprises one or more display images, generated by a display
processor and enabling user interaction with a processor or
other device and associated data acquisition and processing
functions.

[0044] The Ul also includes an executable procedure or
executable application. The executable procedure or execut-
able application conditions the display processor to generate
signals representing the UI display images. These signals are
supplied to a display device which displays the image for
viewing by the user. The executable procedure or executable
application further receives signals from user input devices,
such as a keyboard, mouse, light pen, touch screen or any
other means allowing a user to provide data to a processor.
The processor, under control of an executable procedure or
executable application, manipulates the UI display images in
response to signals received from the input devices. In this
way, the user interacts with the display image using the input
devices, enabling user interaction with the processor or other
device. The functions and process steps herein may be pet-
formed automatically or wholly or partially in response to
user command. An activity (including a step) performed auto-
matically is performed in response to executable instruction
or device operation without user direct initiation of the activ-

1ty.
Definitions

[0045] EPI=Echo planar imaging involves image acquisi-
tion whereby a complete image is formed from a single data
sample (k-space lines are acquired in one repetition time) of
a gradient echo or spin echo sequence.

[0046] An inversion recovery (IR) pulse inverts longitudi-
nal magnetization from the positive z-axis by 180 degrees to
the negative z-axis. IR pulses are used as preparation pulses
prior to a main imaging pulse sequence to achieve different
kinds of MR contrast (such as T1 weighted, T2 weighted).
Adiabatic IR pulses are used to give more uniform contrast
throughout an imaging volume than non-adiabatic RF pulses.
[0047] TI comprises inversion time, the time between an
inversion recovery pulse and the next RF excitation pulse. TI
determines the image contrast.

[0048] T, comprises the longitudinal (or spin-lattice) relax-
ation time T, decay constant.

[0049] T, comprises the transverse (or spin-spin) relax-
ation time T, is the decay constant for a proton spin compo-
nent.

[0050] TR comprises repetition time, the time between suc-
cessive RF excitation pulses.
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[0051] FA comprises flip angle, i.e., an RF flip angle. For an
inversion pulse, FA=180 degrees.

[0052] A saturation pulse (or saturation recovery pulse)
comprises an RF pulse, typically 90 degrees (or any odd
multiple of 90 degrees). Some systems use a spoiler gradient
after the RF pulse. In a particular type of partial saturation
pulse sequence a preceding pulse leaves the spins in a state of
saturation, so that recovery at the time of the next pulse has
taken place from an initial condition of no magnetization.
[0053] Spoiler gradient=a magnetic field gradient pulse
applied to effectively remove transverse magnetization of a
field coil by producing a rapid variation of its phase along the
direction of the gradient. For the T2prep module it is played
after the 90 degrees flip back (also known as tip up) pulse has
been played. It destroys remaining transverse magnetization
so that after playing the entire T2prep module magnetization
is again in the longitudinal direction.

[0054] Segmented data acquisition records the different
parts of raw data space (the segments) in a periodic fashion by
repeatedly playing out a pulse sequence comprising an inver-
sion pulse sequence and MR data acquisition pulses and
acquiring a different set of k-space lines during readout (ac-
quisition).

[0055] BO is the main static base MRI magnetic field.
[0056] BI is the RF transmit coil field.
[0057] The system and processes of FIGS. 1-9 are not

exclusive. Other systems, processes and menus may be
derived in accordance with the principles of the invention to
accomplish the same objectives. Although this invention has
been described with reference to particular embodiments, it is
to be understood that the embodiments and variations shown
and described herein are for illustration purposes only. Modi-
fications to the current design may be implemented by those
skilled in the art, without departing from the scope of the
invention. The MR imaging system automates selection of
patient-specific, orientation and volume of interest, depen-
dent optimal timing parameters in order to achieve consistent,
operator-independent image quality with minimal motion
artifacts in cardiac imaging and automates selection of scan-
ning views and imaging field-of-view, in providing auto-
mated cardiac scans. Further, the processes and applications
may, in alternative embodiments, be located on one or more
(e.g., distributed) processing devices on a network linking the
units of FIG. 1. Any of the functions and steps provided in
FIGS. 1-9 may be implemented in hardware, software or a
combination of both. No claim element herein is to be con-
strued under the provisions of 35 U.S.C. 112, sixth paragraph,
unless the element is expressly recited using the phrase
“means for”

What is claimed is:

1. An imaging system for automatic determination of a
cardiac timing parameter for acquiring a cardiac image in a
heart phase, the system comprising:

an interface for receiving data identifying a heart image

orientation for image acquisition;

arepository of data associating, for acquisition of an image

in a particular heart phase, different image orientations
with corresponding different data items identifying
respective corresponding particular acquisition points
within an individual heart cycle relative to a start point of
said heart cycle; and

an acquisition timing processor configured to:

determine from said repository of data, a particular
acquisition point within an individual heart cycle rela-
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tive to said start point of said heart cycle, in response
to the received data identifying said heart image ori-
entation, and

use the determined particular acquisition point to pro-
vide a synchronization signal for triggering acquisi-
tion of said image at said particular heart phase.
2. The system according to claim 1, wherein
said imaging system is an MR (Magnetic Resonance) sys-
tem and
said different image orientations include, (a) a short-axis
orientation, (b) a four-chamber orientation, (c) a three-
chamber orientation and (d) a two-chamber orientation.
3. The system according to claim 1, wherein
said particular heart phase is selected from at least one of,
(a) an end-of-systole phase and (b) a mid-of-diastole
phase.
4. The system according to claim 1, wherein
said different data items identify respective corresponding
particular acquisition points within an individual heart
cycle by identifying adjustments relative to a predeter-
mined heart cycle point.
5. The system according to claim 1, wherein
said particular acquisition point comprises a point at sub-
stantially 75% of said heart cycle between successive
ECG R-waves
6. The system according to claim 1, wherein
said repository of data associates different image orienta-
tions and at least one of, (a) different patient heart rates
or heart rate ranges and (b) different image volumes of
interest, with corresponding different data items identi-
fying respective corresponding particular acquisition
points within an individual heart cycle relative to a start
point of said heart cycle, in response to data indicating a
patient heart rate and an image volumes of interest
received by said interface.
7. An MR imaging system for automatic determination of
a time in a cardiac cycle for acquiring a cardiac image in a
heart phase, the system comprising:
an interface for receiving data identifying a heart image
orientation for image acquisition;
a repository of a plurality of sets of volume image data
acquired at successive points within a heart cycle and
representing a volume of a heart of a patient in succes-
sive different heart phases; and
an image data processor configured to:
use said plurality of sets of volume image data for deter-
mining a corresponding respective plurality of two
dimensional (2D) images within said volume at said
heart image orientation and

determine at least one of, (a) particular 2D image of the
plurality of 2D images and (b) a particular time in said
heart cycle relative to a start of said heart cycle, in
response to correlation of successive images of said
plurality of 2D images.

8. The system according to claim 7, wherein

said particular 2D image of the plurality of 2D images and
said particular time in said heart cycle, correspond to a
particular heart cycle phase within said heart cycle.

9. The system according to claim 7, wherein

said successive points include a predetermined point
within said heart cycle and

said image data processor determines the corresponding
respective plurality of 2D images by,
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determining coordinate points representing a first 2D
image through said volume at said predetermined point
and also at said heart image orientation and

determining 2D images within said volume at said coordi-
nate points and said heart image orientation for said
plurality of sets of volume image data at other points of
said successive points.

10. The system according to claim 9, wherein

said predetermined point comprises a point at substantially
75% of said heart cycle between successive ECG
R-waves.

11. The system according to claim 8, wherein

said particular heart cycle phase is selected from at least
one of (a) an end-of-systole phase and (b) a mid-of-
diastole phase.

12. The system according to claim 11, wherein

said image data processor determines at least one of, (a)
particular 2D image of the plurality of 2D images cor-
responding to said end-of-systole phase and (b) a par-
ticular time in said heart cycle relative to a start of said
heart cycle corresponding to said end-of-systole phase,
in response to minimizing correlation of luminance con-
tent of said successive images of said plurality of 2D
images.

13. The system according to claim 11, wherein

said image data processor determines at least one of, (a)
particular 2D image of the plurality of 2D images cor-
responding to said mid-of-diastole phase and (b) a par-
ticular time in said heart cycle relative to a start of said
heart cycle corresponding to said end-of-diastole phase,
in response to maximizing correlation of luminance con-
tent of said successive images of said plurality of 2D
images.

14. An imaging system for automatic determination of a

cardiac timing parameter for acquiring a cardiac image in a

heart phase, comprising:

an interface for receiving data identifying a heart image
orientation for image acquisitionand a patient heart rate;
arepository of data associating, for acquisition of an image
in a particular heart phase, different image orientations
and different patient heart rates or heart rate ranges, with
corresponding different data items identifying respec-
tive corresponding particular acquisition points within
an individual heart cycle relative to a start point of said
heart cycle; and
an acquisition timing processor configured to:
determine from said repository of data, a particular
acquisition point within an individual heart cycle rela-
tive to said start point of said heart cycle, in response
to the received data identifying said heart image ori-
entation and patient heart rate and
use the determined particular acquisition point to pro-
vide a synchronization signal for triggering acquisi-
tion of said image at said particular heart phase.
15. The system according to claim 14, wherein
said repository of data associates different image volumes
of interest, with corresponding different data items iden-
tifying respective corresponding particular acquisition
points within an individual heart cycle relative to a start
point of said heart cycle.
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16. The system according to claim 15, wherein

said different image volumes of interest comprise a heart
atrium and a heart ventricle.

17. The system according to claim 14, wherein

said imaging system is an MR (Magnetic Resonance) sys-
tem and

said different image orientations include, (a) a short-axis
orientation, (b) a four-chamber orientation, (c) a three-
chamber orientation (d) a two-chamber orientation, (e) a
left heart orientation and (e) a right heart orientation.

18. The system according to claim 14, wherein

said particular heart phase is selected from at least one of,
(a) an end-of-systole phase and (b) a mid-of-diastole
phase and

said different patient heart rate ranges comprise below and
above 65 beats per minute.

19. An imaging method for automatic determination of a

cardiac timing parameter for acquiring a cardiac image in a
heart phase, the method comprising:

receiving data identifying a heart image orientation for
image acquisition;
storing in a repository of data associating, for acquisition of
an image in a particular heart phase, different image
orientations with corresponding different data items
identifying respective corresponding particular acquisi-
tion points within an individual heart cycle relative to a
start point of said heart cycle;
determining from said repository of data, a particular
acquisition point within an individual heart cycle rela-
tive to said start point of said heart cycle, in response to
the received data identifying said heart image orienta-
tion; and
using the determined particular acquisition point to pro-
vide a synchronization signal for triggering acquisition
of said image at said particular heart phase.
20. The method of claim 19, further comprising:
storing in said repository data associating at least one of,
(a) different patient heart rates or heart rate ranges and
(b) different image volumes of interest, with corre-
sponding different data items identifying respective cor-
responding particular acquisition points within an indi-
vidual heart cycle relative to a start point of said heart
cycle.
21. The method of claim 20, wherein
said imaging method is an MR (Magnetic Resonance)
method,
said different image orientations include, (a) a short-axis
orientation, (b) a four-chamber orientation, (c) a three-
chamber orientation (d) a two-chamber orientation, () a
left heart orientation and (e) a right heart orientation,
said different image volumes of interest comprise a heart
atrium and a heart ventricle, and
the method further comprises:
identifying adjustment relative to a predetermined heart
cycle point to provide an adjusted particular acquisi-
tion point using said different data items identifying
respective corresponding particular acquisition points
within an individual heart cycle; and
using the adjusted particular acquisition point to provide
a synchronization signal for triggering acquisition of
said image at said particular heart phase.

I S S T
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