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Coronal cine imaging for RMC motion detection

Step 1

» 5SFP coronal cing (preliminary scan)

« Shape of heart is made uniform by ECG gating (set in same
diastolic phase as that in actual imaging)

» Performing imaging for 1 min under natural aspiration

FIG. 2

Method of obtaining motion correciion coefficient from coronal cine image

Step 2 Z
] X Upper cardiac

portion ROI

?é%?g%hin * Three ROIs are setin initial frame
next frame - Identical region is tracked with
‘. ROl in subsequent frames
| - Tracking is performed by
Diaphragm |~ 7 /! searching predetermined range
RO . \ from initial position of ROI for
L position exhibiting highest
correlation (pattern matching)
/ . * Pattern matching uses 2D
Lower cardiac crosscorrelation or the like

LVer ortion RO i

FIG.3



U.S. Patent Jan. 3, 2017 Sheet 3 of 8 US 9,532,728 B2

Step 3 i Upper cardiac portion ROl

A | Lower cardiac portion RO

1. Time average of amplitudes is obtained for predetermined period of time
(e.g., 1 min)

2. Goefficient for upper cardiac portion = time average amplitude of upper cardiac
portion / time average amplitude of diaphragm

3. Coefficient for lower cardiac portion = fime average amplitude of lower cardiac
portion / time average amplitude of diaphragm

4, Average motion coefficient for heart = (upper cardiac portion coefficient + lower
cardiac portion coefficient) / 2

* This method allows o improve exiraction performance for only upper
cardiac portion / lower cardiac portion by weighted addition of upper
cardiac portion coefficient and lower cardiac portion coefficient

1G4

RMC z ifovement of cardiac portion
ot
J

{Real-Time Motion Correction

Z-displacement

Diaphragm probe —

Movement of diaphragm A o
Z.displacement | - Imaging is perfo;med upon

) cotrection of respiratory
movement while imaging
slab position is moved
based on position

information of diaphragm

Image is reconstructed by using MR data acquired when displacement
of diaphragm falls within upper / lower allowable range {upper limit USL,
lower limit LSL), whereas encoding step is not incremented when
displacement of diaphragm falls outside allowable range

F1G.5
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One-dimensional imaging by probe  Two-dimensional imaging with slab

(probe scan (preliminary scan)) (imaging scan (slab scan})
n [
A VWA WA — \oalliz

Displacement of diaphragm is detected in this period, moving distance of
imaging slab is calculated by multiplying displacement by correction
coefficient, and RF frequency of imaging scan is corrected / determined

FI1G.6

Method of obtaining coefficient from measured motion information(curve)

Range of RMC imaging is limited by threshold widih in actual imaging

Motion coefficient may be obtained for both upper cardiac portion and
lower cardiac portion by using data corresponding to only portion
falling within threshold width with reference to threshold (width) data
for RMC, i.e., amplitude of diaphragm, instead of using information
of all amplitudes

Z-displacement

USL s — 71

LsL R

FIG.7
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Method of obtaining coefficient from corenal cine image
g g

- 1tis possible to track heart as a whole
from the firstinstead of separately
obtaining coefficients for upper and
lower portions and averaging them

| Ove[ail heart ROI

Diaphragm RO-1

. ]
b

Average motion coefficient of heart =
time average of motion of heart / fime average amplitude of diaphragm

FIG.8

Seguence-side mechanism for performing controf in
consideration of also expiratory and inspiratory phases of
respiration (determination of expiratory and inspiratory phases)

One-dimensional image profile obtained by probe

R
l(g‘)l((i-r)tl(i)tu:ru

Position difference +  + - .
Expi- Expi- Expi- Expi-
F i G 9 ration ration ration ration
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Method of abtaining coefficient from coronal cine image

Sequence in which readout gradient field is moved in slice
direction is generated in ramp-up portion (5 to 20 pulses), and
vertical movement is detected

probe scan (preliminary scan)

T2 Prep | Fat Sat Imaging scan (slab scan)

/] Ramp-up portion
m.
\

o a+hq a+2A o

e

| |
V U
Gs = A e

Gr S ™
bed Dol | N A W [ R W

=== ===
Ge —H— &5 & S =

FIG.10
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Method of obtaining coefficient from coronal cine image
Change from sequence in FIG.10
Ramp-up portion
A a A a+A 1 a+2A o
RF
U v U
Gs imamu mmm L.,,urmluml
Gr LJHM L_jrmm]l.,.,,ﬁ I.mirmm!!:.s.!
Ge = |=| = E B =
= = = B2 B =
4 L Readout gradient field is shifted to slice axis
A a A a+ha A w424 o
RF f
v v ] ¥
1 1 i m R
Gs 1o IO R W 4| 4‘ 774 S Wl . o
Gr MHM x__i” "‘I__J L,JML.J
E E = H B =
Ge 5 = =5 8 =
AD Mt

FIG. 11
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Method of obtaining coefficient from coronal cing image
Protocol and scan start method before scan in FIG.10

Probe scan Imaging scan
VE J/-\/
\vz W Wm - LAl
| N |
Dummy Scan {Idling portion) Actual acquisition portion

1. When actual data acquisition is performed (regardless of above chart), signal from
motion component detection unit in slicing method at start-up portion is stored in
advance, and only motion component is restored and reconstructed at time of
subsequent reconstruction (phase change corresponding to moving amount is
applied to all data),

2. Inidling portion of above chart, signal from motion probe portion is compared with
motion information from motion detection unit at start-up portion to obtain coefficient.
When actual acquisition is started, coefficient is changed, and data acquisition is
petformed.

3. Motion phase difference ar the like between diaphragm and heart portion is
obtained by using above mechanism and used.

4. In this case, number of times of repeating idling period is increased (to about 20
to 30) to obtain sufficient respiratory pattern information.

FIG.12
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1
MAGNETIC RESONANCE IMAGING
APPARATUS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is based upon and claims the benefit of
priority from Japanese Patent Application No. 2010-010413,
filed Jan. 20, 2010; the entire contents of which are incor-
porated herein by reference.

FIELD

Embodiments described herein relate generally to a mag-
netic resonance imaging apparatus.

BACKGROUND

When a magnetic resonance imaging apparatus captures
an image of coronary arteries, in particular an image of the
coronary artery distribution of the whole heart (Whole Heart
MRCA), the apparatus uses a method of imaging under
natural aspiration using a 3D ssfp (steady state free preces-
sion) sequence. At this time, the apparatus performs imaging
while correcting the movement of the heart due to respira-
tory movement by using the RMC (Real-time Motion Cor-
rection) method. The RMC method detects the position of
the diaphragm by using an NMR signal, and corrects respi-
ratory movement while moving the imaging slab position of
a heart portion in real time based on the detected informa-
tion, thereby performing imaging.

In practice, however, there are variations between the
moving amount of the diaphragm and the moving amount of
the heart. The variations also change in accordance with
respiratory phases, and also differ among individuals with
different physiques and the like. It is therefore impossible to
specify such variations as eigenvalues. This makes it very
difficult to prevent a deterioration in image quality.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram showing the arrangement of a
magnetic resonance imaging apparatus according to this
embodiment;

FIG. 2 is a view for explaining preliminary scanning
(coronal cine imaging) according to this embodiment;

FIG. 3 is a view showing three types of ROIs set by an
ROI setting unit in FIG. 1 and the corresponding search
ranges;

FIG. 4 is a view showing a method of calculating cor-
rection coefficients by a correction coeflicient calculation
unit in FIG. 1;

FIG. 5 is a view for explaining how the correction
coeflicient obtained by the preliminary scanning in FIG. 2 is
applied to main scanning (RMC (Real-time Motion Correc-
tion));

FIG. 6 is a view for explaining main scanning in FIG. 5;

FIG. 7 is a view for explaining the first modification of
this embodiment;

FIG. 8 is a view for explaining the second modification of
this embodiment;

FIG. 9 is a view for explaining the third modification of
this embodiment;

FIG. 10 is a view for explaining the fourth modification
of this embodiment;

FIG. 11 is a view showing a pulse sequence in a ramp-up
portion in FIG. 10;
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FIG. 12 is a view for explaining a protocol before
scanning and a scan start timing in the fourth modification
of this embodiment; and

FIG. 13 is a view showing slices respectively set for three
types of ROIs set by the ROI setting unit in FIG. 1.

DETAILED DESCRIPTION

In general, according to one embodiment, a magnetic
resonance imaging apparatus repeats an imaging scan on the
overall heart of an object, detects the moving amount of the
diaphragm due the respiratory movement of the object by
executing a probe scan immediately before each of the
imaging scans, and moves an imaging range by each of the
imaging scans based on the detected moving amount of the
diaphragm. This magnetic resonance imaging apparatus
includes a control unit configured to control an RF coil
transmission/reception unit and a gradient field power sup-
ply to repeatedly capture data of at least one image associ-
ated with at least one slice including the heart and the
diaphragm by ECG gating as a preliminary scan for the
probe scan and the imaging scan. A moving amount gener-
ating unit generates a temporal change in moving amount of
the diaphragm and a temporal change in moving amount of
the heart from the repeatedly captured images. A ratio
calculation unit calculates the ratio of the moving amount of
the heart to the moving amount of the diaphragm based on
the temporal change in moving amount of the diaphragm
and the temporal change in moving amount of the heart. An
imaging range moving amount calculation unit calculates
the moving amount of an imaging range by each of the
imaging scans upon correcting the moving amount of the
diaphragm by each of the probe scans based on the calcu-
lated ratio.

This embodiment will be described below with reference
to the views of the accompanying drawing.

FIG. 1 shows the arrangement of a magnetic resonance
imaging apparatus (MRI apparatus) according to this
embodiment. An MRI apparatus 100 includes control com-
puter circuits 10 connected to control MRI gantry compo-
nents 1-9. The static field magnet 1 typically has a hollow
cylindrical shape. The static field magnet 1 generates a
uniform static field in the cylindrical portion. The static field
magnet 1 is formed by a permanent magnet or supercon-
ductive magnet.

A gradient field coil unit 2 is placed inside the static field
magnet 1. The gradient field coil unit 2 includes a combi-
nation of three types of coils, i.e., X-, Y-, and Z-axis coils,
respectively corresponding to the orthogonal X-, Y-, and
Z-axes. The Z-axis is defined on the cylindrical centerline.
The body axis of an object inserted in the cylindrical space
almost coincides with the Z-axis. The X- and Y-axes are
respectively defined in the horizontal and vertical directions.
The three types of coils respectively receive currents sup-
plied from a gradient field power supply 3 and generate
gradient fields which change along the X-, Y-, and Z-axes.
Note that a static field is formed parallel to the Z-axis. For
example, the gradient fields along the X-, Y-, and Z-axes are
respectively and arbitrarily used as a slice selecting gradient
field Gs, a phase encoding gradient field Ge, and a readout
gradient field Gr. The slice selecting gradient field Gs is used
to arbitrarily determine an imaging slice. The phase encod-
ing gradient field Ge is used to change the phase of an NMR
signal in accordance with a spatial position. The readout
gradient field Gr is used to change the frequency of an NMR
signal in accordance with a spatial position.
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Abed 4 includes a top 4a movable in the Z-axis direction.
An object 200 is inserted into the cylindrical space of the
gradient field coil unit 2 while being placed on the top 4a.
Abed control unit 5 controls the movement of the top 4a. An
electrocardiograph (ECG) 13 is attached to the object 200.

A transmission RF coil 6 is placed inside the gradient field
coil unit 2. The transmission RF coil 6 receives high-
frequency pulses from a transmission unit 7 and generates a
high-frequency magnetic field. The transmission unit 7
transmits high-frequency pulses corresponding to the Lar-
mor frequency to the transmission RF coil 6. A reception RF
coil 8 is placed inside the gradient field coil unit 2. The
reception RE coil 8 receives the NMR signal emitted from
the object due to the influence of the above high-frequency
magnetic field. A reception unit 9 receives an output signal
from the reception RF coil 8. The reception unit 9 generates
NMR signal data based on the output signal from the
reception RF coil 8.

A control computer system 10 is connected to the gradient
field power supply 3, the bed control unit 5, the transmission
unit 7, the reception unit 9, and the ECG 13 via an interface
unit 10a. A data acquisition unit 105 acquires via the
interface unit 10a the digital signals output from the recep-
tion unit 9. The data acquisition unit 105 stores the acquired
digital signal, i.e., the NMR signal data, in a storage unit
10d. A reconstruction unit 10¢ executes reconstruction pro-
cessing such as Fourier transformation based on the NMR
signal data stored in the storage unit 10d. This generates the
spectrum data or image data of a desired nuclear spin in the
object 200. The storage unit 10d stores NMR signal data and
spectrum data or image data for each patient.

A display unit 10e is provided to display various kinds of
information such as spectrum data and image data. An input
unit 10f'is provided to allow the operator to input various
kinds of commands and information to the computer system
10. It is possible to use, as the input unit 10f; pointing
devices such as a mouse and a trackball, selection devices
such as a mode switch, and input devices such as a keyboard,
as needed. For example, the operator inputs via the input unit
10f a region (slab) for imaging the overall heart, a region
(motion probe) for detecting the position of the diaphragm,
and a region (ROI) for detecting the position of the heart.

This embodiment uses a technique called RMC (Real-
time Motion Correction) to suitably image the overall heart
of an object while tracking the overall heart which moves
due to the respiratory movement of the object. In RMC, this
apparatus repeats an imaging scan (slab scan) accompanying
phase-encode increment using a two- or three-dimensional
Fourier transform method. Immediately before each imaging
scan, the apparatus executes a probe scan (navigator scan)
for detecting the moving distance, i.e., the moving amount,
of the diaphragm, which moves due to the respiratory
movement of the object, from a reference position (the
position in the first scan). The apparatus then moves the
imaging range (excitation range) aiming at the overall heart
by an imaging scan based on the moving amount of the
diaphragm which is detected by each probe scan.

That is, in RMC, the moving amount of the heart is
estimated based on the moving amount of the diaphragm. If
there is a difference between the moving amount of the
diaphragm and the moving amount of the heart, a deterio-
ration in image quality occurs. Before the execution of a
main scan (a probe scan and an imaging scan), this embodi-
ment performs a preliminary scan to measure a correction
coeflicient for correcting the difference between the moving
amount of the diaphragm and the moving amount of the
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heart. The embodiment executes a preliminary scan under
the control of a coronal cine imaging control unit 10/.

As shown in FIG. 2, the coronal cine imaging control unit
107 controls the transmission unit 7, the reception unit 9, and
the gradient field power supply 3 to repeatedly capture a
two-dimensional slice image, typically a coronal image,
associated with a slice range including the overall heart and
diaphragm of the object by ECG gating, and stores the
images in the storage unit 10d. A preliminary scan uses the
ssfp (steady state free precession) imaging method which
applies gradient fields in directions opposite to those of the
gradient fields Ge, Gs, and Gr so as to match transverse
magnetization phases for each of repetitive excitations.

Cardiac phases corresponding to a series of coronal
images (to be referred to as coronal cine images hereinafter)
consecutively captured by ECG gating are set to be uniform.
This cardiac phase is typically set to coincide with the
coronary artery rest period (the systolic phase or diastolic
phase) in which imaging is performed by a main scan
(WHMRCA). An imaging scan for a coronal image is
repeated for, for example, about 1 min under natural aspi-
ration. An imaging slice for a coronal image is set to an
oblique slice passing through the diaphragm on which a
motion probe is placed in a navigator scan of a main scan
and a portion near the center of the heart to be imaged. When
imaging is to be performed at the apex, an imaging slice is
set to a slice passing through the apex and the center of the
heart.

A slice image is not limited to one slice. As shown in FIG.
13, it is possible to image a slice S1 traversing a diaphragm
portion, a slice S2 traversing an upper cardiac portion, and
a slice S3 traversing a lower cardiac portion. Although the
place where a motion is detected differs from the place
where the probe is placed, it is possible to perform imaging
by using a sagittal slice and a coronal slice and perform
conversion afterward.

After a preliminary scan, the apparatus obtains a correc-
tion coeflicient by using a coronal cine image in a period
before the start of a main scan. As shown in FIG. 3, the
operator sets a diaphragm ROI at the position of the dia-
phragm, an upper portion ROI at the upper portion (Upper)
of the heart, and a lower portion ROI at the lower portion
(Lower) of the heart on a coronal image of the initial frame
of a coronal cine image. The display unit 10e displays a
coronal image of the initial frame. An ROI setting unit 10g
sets a diagnosis ROI, an upper cardiac portion ROI, and a
lower cardiac portion ROT in accordance with the operation
of the input unit 10/ by the operator. The operator sets a
two-dimensional local region, typically a rectangular region
having a longer side in the Z-axis direction parallel to the
moving direction of the heart and diaphragm due to respi-
ratory movement, in addition to the diaphragm ROI, the
upper cardiac portion ROI, and the lower cardiac portion
ROIL A diaphragm ROI is set to traverse the diaphragm. An
upper cardiac portion ROI is set to traverse, for example, a
marginal portion of the upper cardiac portion immediately
below the pulmonary artery. A lower cardiac portion ROI is
set to traverse a marginal portion of the lower cardiac
portion. In addition, the ROI setting unit 10g sets search
ranges, each representing a range for searching for the
position at which the highest correlation coeflicient is
obtained in pattern matching, around the diaphragm ROI,
the upper cardiac portion ROI, and the lower cardiac portion
ROI so as to be centered on them. The search ranges are set
to sizes and shapes obtained by enlarging, for example, the
initially set diaphragm ROI, upper cardiac portion ROI, and
lower cardiac portion ROI at predetermined ratios in the two
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directions, i.e., the X- and Z-axis directions. Note that the
operator can properly select an initial frame.

When the ROI setting unit 10g sets three ROIs, namely a
diaphragm ROI, upper cardiac portion ROI, and lower
cardiac portion ROI, on the initial frame, a displacement
search unit 10/ identifies, on each coronal image of the
subsequent frames, the position of an ROI having a two-
dimensional pixel pattern exhibiting the highest correlation
coeflicient, in each search range, relative to the two-dimen-
sional pixel pattern (reference pattern) of the ROT (initial
ROI) on each initial frame. The distance between each initial
ROI and the corresponding identified ROI is obtained as a
moving amount. The displacement search unit 10i measures
the moving amounts of the three ROIs, namely the dia-
phragm ROI, upper cardiac portion ROI, and lower cardiac
portion ROI, for each frame, thereby generating temporal
changes in moving amount from the reference positions
(initial ROIs), as shown in FIG. 4. Pattern matching uses
two-dimensional crosscorrelation processing or the like. In
this case, moving amounts are obtained as distances in the
Z-axis direction. It is, however, possible to obtain moving
amounts in two directions, namely the 7- and X-axis direc-
tions.

A correction coeflicient calculation unit 10f then obtains
a correction coeflicient for correcting the difference between
the moving amount of the diaphragm and the moving
amount of the heart from measured temporal changes in the
moving amount of the diaphragm, measured temporal
changes in the moving amount of the upper cardiac portion,
and temporal changes in the moving amount of the lower
cardiac portion. This method will be described below with
reference to FIG. 4. The following is a procedure for the
method:

1) obtaining a predetermined time, e.g., the time average
of amplitudes (moving amounts) for 1 min, from each of
temporal changes in the moving amount of the diaphragm,
temporal changes in the moving amount of the upper cardiac
portion, and temporal changes in the moving amount of the
lower cardiac portion;

2) upper cardiac portion correction coeflicient=time aver-
age amplitude of upper cardiac portion/time average ampli-
tude of diaphragm;

3) lower cardiac portion correction coeflicient=time aver-
age amplitude or lower cardiac portion/time average ampli-
tude of diaphragm; and

4) correction coeflicient for overall heart=(upper cardiac
portion coeflicient+lower cardiac portion coeflicient)/2.

A correction coeflicient storage unit 10k stores the calcu-
lated correction coefficients to be used to correct the moving
amount of the diaphragm into the moving amount of the
heart in a main scan.

Note that the above method obtains a correction coefhi-
cient for the upper cardiac portion relative to the diaphragm
and a correction coeflicient for the lower cardiac portion
relative to the diaphragm, and calculates the average value
of the correction coefficients as a correction coeflicient for
the overall heart. It is, however, possible to selectively use
one of the correction coeflicients for the upper cardiac
portion and the lower cardiac portion in accordance with a
target portion of the heart. It is also possible to obtain a
correction coeflicient for each frame and selectively use any
of the correction coeflicients in accordance with the moving
amount of the diaphragm detected by a navigate scan of a
main scan. In addition, it is possible to obtain correction
coeflicients for an expiratory period and an inspiratory
period and selectively use the correction coefficients in an
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expiratory period and an inspiratory period. These opera-
tions will be described in detail later as modifications of the
embodiment.

In addition, it is possible to distribute the moving amounts
of the diaphragm and the moving amounts of the heart
obtained from the respective frames on the abscissa and
ordinate respectively representing the moving amounts of
the diaphragm and the moving amounts of the heart, linearly
approximate the resultant moving amount distributions, and
obtain their gradients as correction coefficients. Further-
more, it is possible to use a statistical technique such as the
least squares method. In this case, for example, it is possible
to obtain a correction coefficient by calculating the differ-
ences between the moving amounts of the diaphragm and
the moving amounts of the heart by which coeflicients are
multiplied for the respective frames, calculating the sums of
squares, and searching for a correlation corresponding to the
minimum sum of squares.

After correction coefficients are obtained in this manner,
a WHMR imaging control unit 10p executes a main scan by
controlling the transmission unit 7, the reception unit 9, and
the gradient field power supply 3. As shown in FIGS. 5 and
6, a main scan is performed by using a technique called
RMC (Real-time Motion Correction) to suitably image the
overall heart of the object while tracking the heart which
moves due to the respiratory movement of the object. In this
operation, the apparatus repeats an imaging scan (slab scan)
for imaging a slab including the overall heart accompanying
phase-encode increment using a two- or three-dimensional
Fourier transform method. Immediately before each imaging
scan, the apparatus executes a probe scan (navigator scan)
for detecting the moving distance, i.e., the moving amount,
of the diaphragm, which moves due to the respiratory
movement of the object, from a reference position (the
position in the first scan).

A diaphragm displacement detection unit 10 detects the
moving amount of the diaphragm from a reference position
in the initial frame in a main scan from one- or two-
dimensional image associated with the diaphragm detected
by a navigator scan. As shown in FIG. 5, a vertical move-
ment allowance determination unit 107 determines whether
the moving amount of the diaphragm detected by the dia-
phragm displacement detection unit 10m falls within, for
example, the allowable range of 5 mm between an upper
limit USL and a lower limit LSL which are set in advance.
If the moving amount of the diaphragm falls outside the
allowable range, the WHMR imaging control unit 10p
executes an imaging scan but does not increment phase
encoding value. The WHMR imaging control unit lop gives
the same phase encoding value to an MR signal in the next
imaging scan. That is, MR data obtained when the moving
amount of the diaphragm falls outside the allowable range is
excluded from image reconstruction. This will reduce
motion artifacts.

A slab displacement calculation unit 10¢ multiplies the
moving amount of the diaphragm detected by the diaphragm
displacement detection unit 10m in the interval between a
navigator scan and an immediately succeeding imaging scan
by the correction coefficient calculated by a preliminary
scan. The WHMR imaging control unit lop shifts the center
frequency of a transmission RP pulse to move the imaging
slab (excitation range) by the calculated slab moving
amount, and then executes an immediately succeeding imag-
ing scan. The WHMR imaging control unit 10p acquires MR
data having all phase encoding values necessary for image
reconstruction while alternately repeating a navigator scan
and an imaging scan in this manner.
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As described above, this embodiment allows one to easily
obtain a correction coefficient used for WHMRCA imaging
immediately before imaging even if the object changes to
another object. Performing WHMRCA imaging using this
correction coefficient can perform high image quality
WHMRCA imaging more reliably without fail.

FIG. 7 shows the first modification of this embodiment.
As described above, although a correction coeflicient is
calculated by obtaining an average moving amount concern-
ing all the frames, an actual scan is performed to acquire
effective data used for image reconstruction by incrementing
the phase encoding value when the moving amount of the
diaphragm falls within the allowable range, as shown in
FIG. 5. As shown in FIG. 7, therefore, it is possible to
calculate a correction coefficient by using only the moving
amounts of the diaphragm and heart concerning only frames
when the moving amount of the diaphragm falls within the
allowable range.

FIG. 8 shows the second modification of this embodi-
ment. The embodiment described above sets ROIs at the
upper and lower portions of the heart in addition to a
diaphragm ROI, obtains correction coeflicients separately
for the respective ROIs, and then calculates an average as a
correction coeflicient. As shown in FIG. 8, it is possible to
set a relatively large single ROI including almost the entire
heart for the heart and perform pattern matching to obtain
temporal changes in the moving amount of the overall heart.
In this case, the motion coefficient of the overall heart is
given by correction coeflicient of overall heart=average
value of temporal changes in moving amount of overall
heart/average value of temporal changes in moving amount
of diaphragm.

The third modification of this embodiment will be
described next. The embodiment described above gives no
consideration to the difference between the expiratory and
inspiratory phases of a respiration. It is, however, possible to
separately obtain a correction coeflicient corresponding to
an expiratory phase and an correction coefficient corre-
sponding to an inspiratory phase while giving consideration
to the expiratory and inspiratory phases of a respiration upon
analysis on coronal dine images. When performing main
scanning/imaging, the apparatus selectively uses correction
coeflicients depending on an expiratory phase and an
inspiratory phase by using correction coeflicients corre-
sponding to an expiratory phase and an inspiratory phase.
More specifically, the apparatus obtains an array of correc-
tion coeflicients on a respiratory position basis for each
respiratory phase position in advance, and performs imaging
upon correction while changing a correction coeflicient at
each time point in an entire respiratory phase. This operation
requires a mechanism of discriminating an expiratory phase
from an inspiratory phase. For this reason, for example, as
shown in FIG. 9, the vertical movement allowance deter-
mination unit ion obtains differences between motion probe
signal waveforms in the time direction, and performs cor-
rection while changing correction coeflicients so as to use a
correction coeflicient corresponding to an expiratory phase
when the position change is positive, and a correction
coeflicient corresponding to an inspiratory phase when the
position change is negative. At this time, the smaller the
number of probe signals to be sampled, the larger the
number of determination errors, and hence it is preferable to
improve the accuracy by performing multi-probe operation
or the like.

FIG. 10 shows the fourth modification of this embodi-
ment. This modification is a method of acquiring a correc-
tion coeflicient during a sequence for a main scan by using
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the ramp-up portion between a navigator scan (motion
probe) and an imaging scan in the main scan, instead of
obtaining a correction coefficient by using coronal cine
images captured in advance. As shown in FIG. 10, a ramp-up
portion in the sequence is used. FIG. 11 shows a pulse
sequence corresponding to the ramp-up portion. In at least
one block of the RF application blocks repeated in the
ramp-up portion, the apparatus acquires data by performing
ADC sampling upon moving the readout gradient field,
which is generally applied in the read direction, to the slice
axis. FIG. 12 further shows procedures concerning a proto-
col before a san and a scan starting method which are
associated with this method. The apparatus obtains coefli-
cients concerning an idling portion and an actual data
acquisition portion by the following procedure and method,
and uses the coeflicients for imaging.

1) When acquiring actual data, the apparatus stores a
moving amount signal in the slice direction in a start-up
portion in advance. When performing image reconstruction
after a scan, the apparatus reconstructs an image upon
restoring only a moving amount component. That is, the
apparatus applies a phase change corresponding to the
moving amount to all data.

2) In an idling portion, a motion probe signal is compared
with moving amount information in a start-up portion. This
can obtain a more accurate motion coefficient. When starting
actual acquisition, the apparatus acquires data upon replac-
ing the motion coeflicient in the sequence with this coefi-
cient with higher accuracy.

3) Using the above mechanism can obtain the motion
phase difference between the diaphragm and the heart (the
phase difference between the motion of the diaphragm and
the motion of the heart) and the like in advance. The
apparatus performs WHMRCA imaging while performing
correction in consideration of also the phase difference by
using this information.

4) In this case, increasing the number of times repeating
an idling period (during which motion information is
acquired) before actual data acquisition (to, for example,
about 20 to 30) makes it possible to expect a further
improvement in accuracy.

These methods allow one to obtain motion coefficients
concerning the diaphragm and the heart in advance without
capturing coronal cine images in advance. This makes it
possible to implement high image quality visualization in a
shorter period of time.

The present invention can be further variously modified.
It is possible to set the encode for actual data acquisition to
0 only in an idling period instead of applying a change to the
ramp-up portion of a sequence in the above case, acquire
motion information using the corresponding data, obtain
more accurate motion information from a motion coefficient
relative to the motion probe portion, and perform imaging
upon correction. In addition, it is possible to prepare several
motion models by using an idling period, determine param-
eters for the models, and use them for actual imaging
operation.

While certain embodiments have been described, these
embodiments have been presented by way of example only,
and are not intended to limit the scope of the inventions.
Indeed, the novel embodiments described herein may be
embodied in a variety of other forms; furthermore, various
omissions, substitutions and changes in the form of the
embodiments described herein may be made without depart-
ing from the spirit of the inventions. The accompanying
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claims and their equivalents are intended to cover such
forms or modifications as would fall within the scope and
spirit of the inventions.
What is claimed is:
1. A magnetic resonance imaging (MRI) apparatus com-
prising:
an assembly of MRI components including static and
gradient magnetic field generators and at least one radio
frequency (RF) coil defining an imaging volume;
a computer system, connected to control said assembly of
components, including at least one RF transmitter and
at least one RF receiver, said computer system being
configured to effect MRI scans including specified MRI
data acquisition sequences of RF and gradient magnetic
field pulses which produce nuclear magnetic resonance
(NMR) spin responses emanating from different spa-
tially located volumes of NMR nuclei as a function of
a magnetic field experienced by the nuclei;
said computer system being configured to control said
assembly of MRI components to:
repeat plural MRI scans on a heart of an object,
detect a moving amount of a diaphragm due to respiratory
movement of the object by executing a probe scan
immediately before each of the MRI scans, and
move an imaging range for each of the MRI scans based,
in part, on the detected moving amount of the dia-
phragm by
repeatedly capturing data of at least one image associ-
ated with at least one slice including the heart and the
diaphragm using ECG gating as a preliminary scan
for the probe scan and the MRI scan;

generating a temporal change in the detected moving
amount of the diaphragm and a temporal change in
the detected moving amount of the heart from the
repeatedly captured images;

calculating a ratio of the detected moving amount of the
heart to the detected moving amount of the dia-
phragm based on the generated temporal change in
the detected moving amount of the diaphragm and
the generated temporal change in the detected mov-
ing amount of the heart; and

calculating a moving amount for an imaging range used
in each of the MRI scans, after correcting the moving
amount of the diaphragm detected by each of the
probe scans, based on the calculated ratio.

2. The apparatus according to claim 1, wherein a coronal
image associated with a slice traversing the diaphragm and
overall heart of the object is captured.

3. The apparatus according to claim 1, wherein a plurality
of coronal images associated with a plurality of slices is
captured.

4. The apparatus according to claim 1, wherein the
following images are captured:

a coronal image associated with a slice traversing the

diaphragm of the object,

a coronal image associated with a slice traversing an
upper cardiac portion of the object, and

a coronal image associated with a slice traversing a lower
cardiac portion of the object.

5. The apparatus according to claim 1, wherein the data
for at least one image is captured by using an SSFP (steady
state free precession) imaging method.

6. The apparatus according to claim 1, wherein the data
for at least one image is captured in synchronism with a
diastolic phase of the heart.

7. The apparatus according to claim 1, wherein the
computer control circuits are also programmed to specify, in
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the repeatedly captured images, a temporal change in a
moving amount of the diaphragm by searching for a position
in each frame which exhibits a highest correlation with
reference to an image pattern of a local region traversing the
diaphragm in an initial frame.

8. The apparatus according to claim 7, wherein the local
region comprises a two-dimensional region.

9. The apparatus according to claim 7, wherein the
computer system is configured to generate for the repeatedly
captured images a temporal change in a moving amount of
the heart by searching for a position in each frame which
exhibits a highest correlation with reference to an image
pattern of a local region traversing a boundary edge portion
of the heart in an initial frame.

10. The apparatus according to claim 7, wherein the
computer system is configured to generate for the repeatedly
captured images:

a temporal change in a moving amount of an upper
portion of the heart by searching for a position in each
frame which exhibits a highest correlation with refer-
ence to image patterns of a plurality of local regions
traversing a boundary edge portion of the upper portion
of the heart in an initial frame,

a temporal change in a moving amount of a lower portion
of the heart by searching for a position in each frame
which exhibits a highest correlation with reference to
image patterns of a plurality of local regions traversing
a boundary edge portion of the lower portion of the
heart in the initial frame, and

a temporal change in a moving amount of the heart based
on the temporal change in a moving amount of the
upper portion of the heart and the temporal change in
a moving amount of the lower portion of the heart.

11. The apparatus according to claim 1, wherein the
computer system is configured to calculate:

a time average of moving amounts of the diaphragm from

the temporal change in moving amount of the dia-

a time average associated with the heart from the temporal
change in moving amount of the heart, and

a ratio of the time average associated with the heart to the
time average associated with the diaphragm.

12. The apparatus according to claim 10, wherein the

computer system is configured to calculate:

a time average of moving amounts of the diaphragm from
the temporal change in moving amount of the dia-
phragms

a time average of moving amounts of the upper portion of
the heart from the temporal change in moving amount
of the upper portion of the heart,

a time average of moving amounts of the lower portion of
the heart from the temporal change in moving amount
of the lower portion of the heart,

an upper portion ratio of the time average associated with
the upper portion of the heart to the time average
associated with the diaphragm,

a lower portion ratio of the time average associated with
the lower portion of the heart to the time average
associated with the diaphragm, and

an average ratio of the upper portion ratio and lower
portion ratio as a ratio of the moving amount of the
heart to the moving amount of the diaphragm.

13. The apparatus according to claim 10, wherein the

computer system is configured to calculate:

a time average of moving amounts of the diaphragm from
the temporal change in moving amount of the dia-
phragms
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a time average of moving amounts of the upper portion of
the heart from the temporal change in moving amount
of the upper portion of the heart,

a time average of moving amounts of the lower portion of
the heart from the temporal change in moving amount
of the lower portion of the heart,

an uppet portion ratio of the time average associated with
the upper portion of the heart to the time average
associated with the diaphragm,

a lower portion ratio of the time average associated with
the lower portion of the heart to the time average
associated with the diaphragm, and

a weighted average of the upper portion ratio and lower
portion ratio which is calculated as a ratio of the
moving amount of the heart to the moving amount of
the diaphragm.

14. The apparatus according to claim 10, wherein the

computer system is configured to:

reconstruct an image based on MR data acquired by the
imaging scan when the detected moving amount of the
diaphragm falls within a predetermined range, and

calculate a ratio of the moving amount of the heart to the
moving amount of the diaphragm only within the
predetermined range.

15. The apparatus according to claim 7, wherein the
computer system is configured to generate for the repeatedly
captured images, a temporal change in a moving amount of
the heart specified by searching for a position in each frame
which exhibits a highest correlation with reference to an
image pattern of a local region including a majority of the
heart in an initial frame.

16. The apparatus according to claim 1, wherein the
computer system is also configured to calculate a ratio of the
moving amount of the heart to the moving amount of the
diaphragm based on an expiratory phase and inspiratory
phase of the object.

17. A magpetic resonance imaging (MRI) apparatus com-
prising:

an assembly of MRI components including static and
gradient magnetic field generators and at least one radio
frequency (RF) coil defining an imaging volume;

a computer system, connected to control said assembly of
components, including at least one RF transmitter and
at least one RF receiver to effect MRI scans including
specified MRI data acquisition sequences of RF and
gradient magnetic field pulses which produce nuclear
magnetic resonance (NMR) spin responses emanating
from different spatially located volumes of NMR nuclei
as a function of a magnetic field experienced by the
nuclei;

said computer system being configured to repeatedly:

execute an MRI scan on a heart of an object,

execute a probe scan to detect a moving amount of a
diaphragm due to respiratory movement of the object
immediately before each of the MRI scans, and

execute a ramp-up scan for imaging a partial region of the
heart of the object between the probe scan and the MRI
scan by
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generating a temporal change in a moving amount of
the diaphragm from images of the diaphragm repeat-
edly captured by the probe scans;

generating a temporal change in a moving amount of
the partial region of the heart repeatedly imaged by
the ramp-up scans;

calculating a ratio of a moving amount of the heart to
a moving amount of the diaphragm; and

calculating a moving amount for an imaging range used
in each of the MRI scans by correcting the moving
amount of the diaphragm detected by each of the
probe scans based on the calculated ratio.

18. A magnetic resonance imaging apparatus comprising:

an assembly of MRI components including static and
gradient magnetic field generators and at least one radio
frequency (RF) coil defining an imaging volume;

a computer system, connected to control said assembly of
components, including at least one RF transmitter and
at least one RF receiver, said computer system being
configured to effect MRI scans including specified MRI
data acquisition sequences of RF and gradient magnetic
field pulses which produce nuclear magnetic resonance
(NMR) spin responses emanating from different spa-
tially located volumes of NMR nuclei as a function of
a magnetic field experienced by the nuclei,

said computer system being configured to:

repeat plural MRI scans on a heart of an object,

detect a moving amount of a diaphragm of the object by
executing a probe scan immediately before each of the
MRI scans, and

move an imaging range for each of the MRI scans based,
in part, on the detected moving amount of the dia-
phragm by calculating a ratio of the moving amount of
the heart to the moving amount of the diaphragm from
images captured in advance by the probe scans and the
MRI scans; and
setting a position of an imaging range used in each of

the MRI scans based on the detected moving amount
of the diaphragm by the respectively associated
probe scan and the calculated ratio.
19. An image processing apparatus comprising;
a computer system configured to
access digital data defining a series of successively
acquired plural images associated with an imaging
range including a heart and a diaphragm of an object;
generate a temporal change in a moving amount of the
diaphragm and a temporal change in a moving
amount of the heart from the series of images;

calculate a ratio of the moving amount of the heart to
the moving amount of the diaphragm based on a ratio
of the generated temporal changes in moving
amounts of the heart and diaphragm,

use the calculated ratio to correct accessed images of
the heart for movements of the heart over plural
successively acquired images of the heart; and
display a resulting motion-corrected image of the

heart.
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