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MAGNETIC RESONANCE IMAGING
APPARATUS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This is a Continuation Application of PCT Application No.
PCT/IP2009/065526, filed Sep. 4, 2009, which was pub-
lished under PCT Article 21(2) in Japanese.

This application is based upon and claims the benefit of
priority from prior Japanese Patent Application No. 2008-
226872, filed Sep. 4, 2008, the entire contents of which are
incorporated herein by reference.

FIELD

Embodiments described herein relate generally to a mag-
netic resonance imaging apparatus which can perform accu-
rate myocardial perfusion imaging and non-contrast
enhanced MRA, and improve cardiac diagnostic perfor-
mance.

BACKGROUND

A magnetic resonance imaging apparatus is an apparatus
which images the chemical and physical microscopic infor-
mation of a substance or observes a chemical shift spectrum
by using a phenomenon in which when a group of nuclei
having a unique magnetic moment is placed in a uniform
static field, they resonantly absorb the energy of a radio-
frequency magnetic field that rotates at a specific frequency.
Such a magnetic resonance imaging apparatus is very effec-
tive as a method of noninvasively obtaining an image of an
anatomical slice ofa human body. In particular, this apparatus
is widely used as a diagnosis apparatus for a central nervous
system such as the brain surrounded by the skull. On the other
hand, the apparatus requires a long imaging time. It is there-
fore thought that there is room for improvement in diagnostic
performance for a moving organ such as the heart.

Recently, a combination of an improvement in hardware
around a gradient field system and high-speed scanning has
increased the number of cases in which the magnetic reso-
nance imaging apparatus can be used for cardiac examina-
tion. Myocardial perfusion imaging, in particular, is an imag-
ing method which can image myocardial viability in the form
of the progress of staining by a contrast medium by combin-
ing an ECG gate after the injection of the contrast medium
and dynamic imaging. This method has attracted a great deal
of attention as an examination method which can obtain
effects that cannot be obtained by other diagnosis appara-
tuses.

When, however, cardiac examination is to be performed by
using a magnetic resonance imaging apparatus, the following
problems arise.

First of all, when the heart is to be imaged on a slice basis,
itis possible to obtain an image with less influence of motion
by high-speed imaging such as EPI (Echo Planar Imaging).
When viewed in the phase direction of dynamic imaging, an
image with motion artifacts is often obtained due to respira-
tory body motion, a cardiac phase shift, and the like.

One solution to prevent respiratory body motion artifacts is
to make a patient (object) hold his/her breath. However, mak-
ing a patient with a cardiac problem hold his/her breath will
undesirably increase the examination load. In addition, heart-
beats may change before and after breath holding.

Further, recently, a technique called non-contrast enhanced
MRA has been developed in magnetic resonance imaging.
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This technique images blood vessels without using a contrast
medium. However, if non-contrast enhanced MRA is per-
formed by utilizing biological information (for example, res-
piratory period), the following problem may occur. That is,
for example, when the respiratory period of a patient becomes
extremely short, the imaging is carried out even in the state
where the magnetization is not fully recovered.

Embodiments have been made in consideration of the
abovesituation, and have as their object to provide a magnetic
resonance imaging apparatus which can execute accurate
myocardial perfusion imaging and non-contrast enhanced
MRA without requiring breath holding by a patient by mak-
ing a phase of dynamic imaging relatively correspond to a
cardiac phase.

BRIEF DESCRIPTION OF THE DRAWINGS

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

FIG. 2 is a view showing a typical example of a scan
sequence executed in cardiac examination using a cardiac
examination support function according to this embodiment;

FIG. 3 is a view showing an example of a region to which
a local flip-back pulse Pf and a motion probe pulse Pm are
applied,

FIG. 4 is a view showing an example of a region to which
the local flip-back pulse Pf and the motion probe pulse Pmare
applied,

FIG. 5 is a graph each showing an example of a heartbeat
pattern;

FIG. 6 is a graph each showing another example of a
heartbeat pattern;

FIG. 7 is a graph each showing yet another example of a
heartbeat pattern,

FIG. 8 is a flowchart showing a procedure for processing
for scheduling dynamic imaging in accordance with a pre-
dicted pattern of change in heartbeat of a patient;

FIG. 9 is a flowchart showing a procedure for processing
(imaging condition readjustment processing) conforming to
an imaging condition readjustment function;

FIG. 10 is a view showing an example of a scan sequence
in dynamic imaging executed by cardiac examination support
processing according to this embodiment;

FIG. 11 is a view showing an example of a scan sequence
in non-contrast enhanced MRA executed by setting a single
tag region and using an expiration as a trigger;

FIG. 12 is a view showing an example of a scan sequence
in non-contrast enhanced MRA executed by setting a plural-
ity of tag regions (two regions Tagl and Tag2 in the case
shown in FIG. 12) and using an expiration as a trigger;

FIG. 13 is a flowchart showing a procedure for processing
in non-contrast enhanced MRA imaging;

FIG. 14 is a view showing an example of a tag region set in
an imaging region;

FIG. 15 is a view showing another example of a tag region
set in an imaging region; and

FIG. 16 is a flowchart showing a procedure for processing
(imaging condition readjustment processing) conforming to
the imaging condition readjustment function.

DETAILED DESCRIPTION

In general, according to one embodiment, a magnetic reso-
nance imaging apparatus which performs myocardial perfu-
sion imaging of an object, the apparatus comprises an imag-
ing unit which acquires image data by imaging a heart of the
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object in synchronism with a biological signal from the
object, and an image generating unit which generates an
image concerning the heart of the object based on the image
data, wherein the imaging unit applies a probe pulse for
detecting body motion of the object before imaging of the
heart, and applies a spatial nonselective saturation pulse
before application of the probe pulse, and a local selective
pulse for flipping back a flip angle of the spatial nonselective
saturation pulse with regard to a region to which the probe
pulse is applied.

Embodiments will be described below withreference to the
views of the accompanying drawing. Note that the same
reference numerals in the following description denote con-
stituent elements having almost the same functions and
arrangements, and a repetitive description will be made only
when required.

FIG. 1 is a block diagram showing the arrangement of a
magnetic resonance imaging apparatus 1 according to this
embodiment. As shown in FIG. 1, the magnetic resonance
imaging apparatus 1 includes a static field magnet 11, a cool-
ing system control unit 12, a gradient field coil 13, a radio-
frequency transmission coil 14, a radio-frequency reception
coil 15, a transmitting unit 18, a receiving unit 19, a data
processing unit 20, and a display unit 24.

The static field magnet 11 is a magnet which generates a
static field. This magnet generates a uniform static field.

The cooling system control unit 12 controls a cooling
mechanism for the static field magnet 11.

The gradient field coil 13 is provided inside the static field
magnet 11 and is shorter than the static field magnet 11. The
gradient field coil 13 converts pulse currents supplied from a
gradient field coil device power supply 17 into gradient fields.
A signal generation region (position) is specified by the gra-
dient fields generated by the gradient field coil 13.

Assume that the Z-axis direction is set to be the same
direction as that of a static field in this embodiment. Assume
also that in this embodiment, the gradient field coil 13 and the
static field magnet 11 have cylindrical shapes. The gradient
field coil 13 may be placed in a vacuum by a predetermined
support mechanism. This arrangement is made in consider-
ation of low noise to prevent the vibrations of the gradient
field coil 13 which are generated upon application of pulse
currents from being transmitted as sound waves to the out-
side.

The radio-frequency transmission coil (RF transmission
coil) 14 is a coil for applying radio-frequency pulses to an
imaging region of an object to generate magnetic resonance
signals. The radio-frequency transmission coil 14 is a whole-
body RF coil, which can also be used as a reception coil when,
for exanmiple, an abdominal region or the like is to be imaged.

A radio-frequency reception coil (RF reception coil) 15 is
a coil which is placed near the object, and preferably in
contact with the object so as to hold it, and receives magnetic
resonance signals from the object. In general, the radio-fre-
quency reception coil 15 has a shape specialized for each
region.

Note that FIG. 1 has exemplified a cross-coil system
including a radio-frequency transmission coil and a radio-
frequency reception coil as discrete components. However,
the present embodiments may use a single coil system includ-
ing one coil having these functions.

The gradient field coil device power supply 17 generates a
pulse current for forming a gradient field and supplies the
current to the gradient field coil 13. The gradient field coil
device power supply 17 controls the polarity of a gradient
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field by switching the direction of a pulse current supplied to
the gradient field coil 13 under the control of a control unit
202 (to be described later).

The transmitting unit 18 includes an oscillating unit, phase
selecting unit, frequency conversion unit, amplitude modu-
lating unit, and radio-frequency power amplifying unit (none
of which are shown), and transmits radio-frequency pulses
corresponding to a Larmor frequency to the radio-frequency
coil for transmission. The magnetization of a predetermined
nucleus of the object is excited by the radio-frequency wave
generated by the radio-frequency transmission coil 14 upon
this transmission.

The receiving unit 19 includes an amplifying unit, inter-
mediate frequency conversion unit, phase detecting unit, fil-
ter, and A/D converter (none of which are shown). The receiv-
ing unit 19 performs amplification processing, intermediate
frequency conversion processing using an oscillation fre-
quency, phase detection processing, filter processing, and
A/D conversion processing for the magnetic resonance signal
(radio-frequency signal) which is emitted when the magneti-
zation of the nucleus relaxes from the excited state to the
ground state and is received from the radio-frequency trans-
mission coil 14.

The display unit 24 displays a magnetic resonance image,
a predetermined scan screen, and the like.

The data processing unit 20 is a computer system which
generates a magnetic resonance image by processing received
data, and includes a storage unit 201, the control unit 202, a
data acquisition unit 203, a reconstruction unit 204, a signal
correction unit 205, and an input unit 207.

The storage unit 201 stores acquired magnetic resonance
images, programs for executing various scan sequences (e.g,,
a scan sequence for executing RMC (Real-time Motion Cor-
rection)), a dedicated program for implementing the cardiac
examination support function (to be described later), and the
like. In this case, RMC is a technique of monitoring a moving
region such as the diaphragm and imaging the region in real
time in synchronism with the motion of the region.

The control unit 202 includes a CPU and a memory (none
of which are shown), and serves as a control center for the
overall system to statically or dynamically control this mag-
netic resonance imaging apparatus. In particular, the control
unit 202 implements the cardiac examination support func-
tion (to be described later) by loading the dedicated program
into the memory.

The data acquisition unit 203 acquires the digital signals
sampled by the receiving unit 19.

The reconstruction unit 204 executes post-processing, i.e.,
reconstruction such as a Fourier transform, for the data
acquired by the data acquisition unit 203 to obtain the spec-
trum data or image data of a desired nuclear spin inside the
object.

The input unit 207 includes input devices (a mouse, track-
ball, mode switch, keyboard, and the like) for inputting vari-
ous commands, instruction, and information from the opera-
tor.

The display unit 24 is an output unit to display spectrum
data, image data, or the like input from the data processing
unit 20.

(Cardiac Examination Support Function)

The cardiac examination support function of the magnetic
resonance imaging apparatus 1 will be described next. This
function is configured to support myocardial perfusion imag-
ing by performing spatial adjustment processing and tempo-
ral adjustment processing,. In spatial adjustment, this function
detects a positional shift (positional displacement amount) in
the dynamic phase direction due to respiratory body motion
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by using, for example, RMC, and makes the slice excitation
position and data acquisition position in a pulse sequence
follow up the positional displacement amount, thereby sup-
pressing the influence of the body motion. This eliminates the
necessity of breath holding for stopping respiratory body
motion, and hence can reduce variations in heartbeat accom-
panying breath holding. In temporal adjustment processing,
this function measures the amount of variation in cardiac
phase (temporal variation amount) due to arrhythmia or the
like and adjusts various imaging conditions in accordance
with the temporal variation amount. This can prevent the
generation of unanalyzable data due to fluctuations in cardiac
phase.

[Spatial Adjustment Processing]

FIG. 2 is a view showing a typical example of a scan
sequence executed in cardiac examination using this cardiac
examination support function. Referring to FIG. 2, reference
symbol Ps denotes a nonselective saturation pulse (a prelimi-
nary pulse for generating contrast); Pf, a local flip-back pulse;
Pm, a motion probe pulse for monitoring the body motion of
a patient; and Pi, (diagnosis image) imaging pulse.

As shown in FIG. 2, in this scan sequence, constant TT is
secured for the saturation pulse Ps. This is because a wait time
of, for example, about TI=100 ms to 150 ms with regard to a
saturation pulse is indispensable to the stabilization of con-
trast and images. Assume that the saturation pulse Ps is a
nonselective pulse that selects no limited space to be excited.
This is because, since a notched pulse like that used in, for
example, Jpn. Pat. Appln. KOKAI Publication No. 2000-
126156 is influenced by the inflow of blood from a notch
portion from the viewpoint of image quality, making a satu-
ration pulse nonselective can stabilize image quality.

The local flip-back pulse Pf is applied immediately after
the (spatially) nonselective saturation pulse Ps is applied.
That s, no signal can be obtained even by applying the motion
probe pulse Pm immediately after the application of the non-
selective saturation pulse Ps. For this reason, the flip-back
pulse Pf for recovering the magnetization of a portion to
which the motion probe pulse Pm is applied is locally applied
to the portion. A position detection portion (i.e., a target
region to which the motion probe pulse Pm is applied) to be
flipped back by the flip-back pulse Pf is a region planned to
avoid the heart and large artery. This region may be a slice
with a width of 2 cm to 3 cm like that shown in FIG. 3, and a
local excitation pulse similar to a probe pulse may be used
depending on an application. The position of the diaphragm is
detected by exciting the flipped-back portion nuclei by using
the motion probe pulse Pm. Assume that a region to be excited
by the local flip-back pulse Pf has an area almost twice (a
diameter 1.4 times) that of a region to be excited in the form
of a pencil by the motion probe pulse Pm or a slice thickness
about 1 to 1.5 times, as a standard value. Note that FIG. 4is a
sectional view taken along line A-A in FIG. 3 when viewed
from the direction indicated by the arrow.

In addition, as shown in FIG. 2, in this scan sequence, the
motion probe pulse Pm is applied during a TI wait time. If the
TI wait time is required, applying a pulse for the detection of
motion during the time will not degrade the imaging effi-
ciency. In general, a pre-pulse for motion detection and cor-
rection of an imaging position are used for MRCA (Magnetic
Resonance Coronary Angiography). In the case of a coronary
artery, the motion of the heart in an end-diastolic period is
small, and hence it is possible to correct the position of an
imaging portion by correction of an imaging position. On the
other hand, when imaging is to be performed in a plurality of
steps (e.g., two steps), it is necessary to consider the phase
difference between two steps of image acquisition. This
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makes it necessary to secure sufficient correction accuracy. In
MRCA, therefore, it is necessary to make a contrivance not to
use regions other than a predetermined region of displace-
ment of the diaphragm for imaging. In contrast to this, in the
case of myocardial perfusion imaging, applying the motion
probe pulse Pm during the TT wait time can form a portion
corrected by a detected diaphragm position as one image.
This makes it possible to perform robust correction.

This apparatus applies the imaging pulse Pi while follow-
ing up and adjusting an excited slice position (data acquisition
position) so as to always excite the slice at the same position
and acquire data from the slice, based on the displacement
amount of a diagnosis target whose position is detected by the
immediately preceding motion probe pulse Pm. Using the
imaging pulse Pi upon position adjustment in this manner can
image a tomogram at almost the same position. Note that it is
preferable to apply a fat suppression pulse and a magnetism
stabilization dummy pulse in the order named, as needed,
between the motion probe pulse Pm and the imaging pulse Pi.
[Temporal Adjustment Processing]

Using the spatial adjustment processing by the cardiac
examination support function can eliminate the necessity of
breath holding and almost eliminate the motion of the dia-
phragm and the accompanying motion of the heart. It is there-
fore thought that this technique decreases the probability of
variation in heartbeat as compared with the conventional
imaging operation with breath holding. There is still a possi-
bility that heartbeat may vary due to the influences of the
inflow of a contrast medium and a stress medicine for the
cardiac muscle. Obviously, therefore, there are needs to deter-
mine the number of slices with a margin of safety. The mag-
netic resonance imaging apparatus 1 therefore can execute
temporal adjustment processing capable of coping with varia-
tions in heartbeat in combination with spatial adjustment
processing or singly as needed.

Note that a histogram of an average R-R interval and a
heartbeat pattern is acquired before an imaging operation
using this temporal adjustment processing in order to grasp
how much the R-R interval of an ECG waveform is stable
depending on the state of the patient. When the histogram
distribution in an R-R interval has one peak, an allowable
variation range of about 1.50 or 201is set by using the obtained
result, and a reference for R-R which is thought not to shorten
any more even when a heartbeat shortens.

The following is the basic concept of this spatial adjust-
ment processing. That is, strictness about the delay time from
an ECG pulse to imaging (=cardiac phase of imaging) is not
so required for myocardial perfusion imaging using FEE
(Fast Field Echo) or the like, unlike cineradiography, because
all data are acquired in the cardiac phase. It is therefore
important to secure the stability of contrast between phases.

In general gated imaging, in order to keep the time differ-
ences from electrocardiographic gates constant as much as
possible, operations are basically performed as fast as pos-
sible even in the case of multislice imaging. Assume, how-
ever, that saturation recovery (an excitation angle of 90°) is to
be used, and the spatial uniformity (B1) of RE pulses is high.
In this case, there is no need to consider the history effect of
longitudinal magnetization (see MRM45, 653-661, 2001),
and a recovery time Tree for TI (i.e., the wait time Trec for
keeping longitudinal magnetization constant) can be mainly
expressed by the following equation as the function between
a flip angle o of an imaging portion and TR.

Trec=TR/(1-cos o) M
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It is therefore desirable to minimize the wait time between
imaging slices and set T1 to the value calculated from the flip
angle o of imaging and TR as much as possible.

It has been confirmed from a simulation result that this
condition is robust. That is, the recovery time Trec for TI need
not be strict, and can be shortened in the range in which no
deterioration in image quality occurs, i.e., the range of 10% to
20%. In contrast, if T1 is longer than the calculated recovery
time Tree for T1, a signal corresponding to first several shots
will steeply attenuate. This leads to a deterioration in image
quality.

From the above point of view, in temporal adjustment
processing by the magnetic resonance imaging apparatus 1, in
order to cope with the accentuation of heart rate due to the
arrhythmia of the patient or at breath holding, the apparatus
measures parameters concerning a heartbeat (e.g., a histo-
gram of an average R-R interval and a heartbeat pattern) in
advance and schedules imaging in accordance with the pre-
dicted pattern of change in heartbeat of the patient.

For example, in the case of patients with heartbeats repre-
sented by stable patterns I and 1T shown in FIGS. 5(a) and
5(b), since an ideal state can be expected, it is possible to set
Tree to a relatively long time. That is, if TR=7 ms, flip angle
0=20°, and Trec=116 ms are values with which a contrast
medium provides high contrast, a signal value for imaging
becomes a stable condition during data acquisition.

In the case of arrhythmia as indicated by NG patterns I and
1I shown in FIGS. 6(a) and 6(b) or in the case of patients
simply having short pulses as represented by NG patterns |
and 1T shown in FIGS. 7(a) and 7(b), it is important to shorten
Trec as well as adjusting the acquisition time in accordance
with a matrix size. Inthis case, for example, increasing the flip
angle to a=30° will set Trec=52 ms. This can shorten the
acquisition time per slice and perform stable imaging.

If it is necessary to further shorten the data acquisition
time, it is possible to greatly shorten the T1 time (although the
effect of making TI relaxation curves between tissues uni-
form deteriorates) by slightly decreasing the flip angle of a
saturation recovery pulse to, for example, 85°, instead of
setting it to 90°.

FIG. 8 is a flowchart showing a procedure for processing to
be performed when dynamic imaging is scheduled in accor-
dance with the predicted pattern of change in heartbeat of the
patient. As shown in FIG. 8, first of all, the control unit 202
obtains an acquisition time per slice which allows to stably
obtain a desired number of slices by using parameters con-
cerning the heartbeat, which are acquired in advance (step
Sa).

The control unit 202 then determines first the flip angle o
allowing to set Trec that can guarantee sufficient image qual-
ity, within the range of flip angles . in which contrast exhibits
arobust change (for example, if TR=7 ms, the range of 15° to
30° can be used as a T1 contrast image), in order to obtain
conditions that satisfy the acquisition time per slice which is
obtained in step Sa (step Sb).

Note that Trec has robustness, and even a change of about
10 ms to 20 ms will not abruptly degrade image quality.
Therefore, the control unit 202 may calculate the desired
value of Trec for each predetermined flip angle o, display the
value on, for example, the monitor 24 in a predetermined
form, and make the user determine a preferable combination
of the flip angle . and Trec without being limited to the case
in which the control unit determines the flip angle o that
allows to set suitable Trec.

Upon determining in step Sb that suitable Trec cannot be
sufficiently secured even if the flip angle is changed between
15° and 30°, the control unit 202 determines suitable Trec by
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changing the flip angle of the saturation recovery pulse Ps
from the specified value, i.e., 90°, to a predetermined angle
between, e.g., 80° and 85° (step Sc).

Upon determining in step Sb that suitable Trec can be
sufficiently secured by setting the flip angle to a predeter-
mined angle between 15° and 30°, the control unit 202 deter-
mines the angle as the flip angle o of imaging (step Sd).

As described above, it is possible to easily set imaging
conditions allowing stable myocardial perfusion imaging by
sequentially calculating and using approximate values of
Trec, flip angles at the time of imaging, and flip angles at the
time of saturation with regard to conditions for the imaging
pulse Pi and nonselective saturation pulse Ps.

The magnetic resonance imaging apparatus 1 also has a
function of readjusting the imaging conditions set by the
above scheduling operation in response to, for example, the
occurrence of arrhythmia during imaging.

FIG. 9 is a flowchart showing a procedure for processing
(imaging condition readjustment processing) conforming to
the imaging condition readjustment function. As shown in
FIG. 9, the control unit 202 executes imaging using imaging
conditions conforming to scheduling in response to ECG as a
trigger (step S1). At this time, in order to cope with predicted
arrhythmia, it is preferable to set a relatively small number of
slices in scheduling for imaging. The control unit 202 then
determines whether an ECG trigger (e.g., an R wave) is gen-
erated during imaging (image acquisition) (step S2). Upon
determining in step S2 that an EGG trigger is generated
during image acquisition, the control unit 202 counts up the
time up to the end of currently performed image acquisition
(step S3a).

The control unit 202 then determines whether the time
counted up in step S3a falls within a predetermined threshold
(step S4a). Upon determining that the time falls within the
predetermined threshold, the control unit 202 re-sets condi-
tions for imaging in synchronism with the next EGG trigger
(without any interval of heartbeat) by, for example, shorten-
ing the wait time for an ECG trigger, shortening the wait time
from a saturation pulse to an imaging pulse, suppressing the
flip angle of the saturation pulse, and increasing the flip angle
ofthe imaging pulse (step S5a). In contrast, upon determining
in step S4a that the time falls outside the predetermined
threshold, the control unit 202 re-sets conditions for imaging
in synchronism with an ECG trigger after one heartbeat (step
S6a). The control unit 202 executes subsequent dynamic
imaging by using the conditions re-setin step S5a or S6a (step
S7a).

Upon determining in step S2 that no ECG trigger is gener-
ated during image acquisition, the control unit 202 counts up
the time up to the next ECG trigger based on parameters
concerning a heartbeat which are acquired in advance (step
S3b).

The control unit 202 determines whether the time counted
up in step S35 falls within a predetermined threshold (step
S44). Upon determining that the time falls within the prede-
termined threshold, the control unit 202 re-sets conditions
that establish synchronism with the next ECG trigger (with-
out any interval of heartbeat) and prevent the timing of image
acquisition from overlapping that of the ECG trigger by, for
example, shortening the wait time for an ECG trigger, short-
ening the wait time from a saturation pulse to an imaging
pulse, suppressing the flip angle of the saturation pulse, and
increasing the flip angle of the imaging pulse (step S55). The
control unit 202 executes subsequent dynamic imaging by
using the re-set conditions (step S65).

In contrast, upon determining in step S4b that the time falls
outside the predetermined threshold, the control unit 202
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re-sets conditions for imaging in synchronism with the next
ECG trigger (without any interval of heartbeat) (step S75).
The control unit 202 executes subsequent dynamic imaging
by using the re-set conditions (step S85).

The control unit 202 executes the above imaging condition
readjustment processing every time imaging is repeated, thus
executing a series of dynamic imaging like that shown in FIG.
10. Using such an imaging condition readjustment functionin
addition to the first scheduling can perform imaging without
any phase shift relative to a heartbeat by compensating for the
delay time from the heartbeat as much as possible even if the
wait time is shortened.

(Effects)

According to the above arrangement, the following effects
can be obtained.

This magnetic resonance imaging apparatus detects a dis-
placement amount in the dynamic phase direction due to
respiratory body motion in myocardial perfusion imaging,
and makes the slice excitation position and data acquisition
position follow up the body motion based on the displacement
amount. This makes it unnecessary for the patient to hold
breath, and hence can reduce variations in heartbeat.

In addition, this magnetic resonance imaging apparatus
measures the variation amount of a cardiac phase, and con-
trols the wait time from a saturation pulse to an imaging pulse,
the suppression of the flip angle of the saturation pulse, and
the flip angle of the imaging pulse in accordance with the
variation amount. This can make a phase of dynamic imaging
relatively correspond to a cardiac phase and schedule imaging
conditions in accordance with a heartbeat change pattern. Itis
therefore possible to correct the positional shift of a myocar-
dial perfusion image in the dynamic phase direction due to
slight respiratory body motion or variations in heartbeat.

Furthermore, this magnetic resonance imaging apparatus
monitors the correspondence relationship between an ECG
trigger and a phase of dynamic imaging, and can readjust set
imaging conditions in real time based on the phase shift. This
can improve the robustness of dynamic imaging and prevent
the generation of unanalyzable data due to fluctuations in
cardiac phase, thereby implementing stable myocardial per-
fusion imaging. Applying a feedback to a saturation pulse, in
particular, can implement stable saturation even for a slice
immediately after a heartbeat, from which a proper saturation
effect has not been obtained. Stabilizing saturation will
increase the degree of freedom relative to cardiac phases and
allows to use a method of dividing a multislice for each R-R
interval.

(Second Embodiment)

A magpnetic resonance imaging apparatus according to the
second embodiment of the present embodiments will be
described next. In the magnetic resonance imaging apparatus
according to this embodiment, temporal adjustment process-
ing is applied to non-contrast enhanced MRA imaging. That
is, the magnetic resonance imaging apparatus according to
this embodiment acquires a non-contrast enhanced MRA
image with less influence of body motion by adjusting at least
one of the flip angle of an IR pulse and the flip angle of an
imaging RE pulse in accordance with variations in biological
signal such as a respiratory period inan interval (to be referred
to as “TT” hereinafter) from the application time of an inver-
sion recovery pulse (IR pulse) for tagging to the application
time of the first RF pulse for imaging. Such a non-contrast
enhanced MRA imaging method is sometimes called a Time-
SLIP (Time-Spatial Labeling Inversion Pulse) method from
the viewpoint that a given region of an object is temporally
and spatially labeled by applying an IR pulse to it.
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Note that “tagging” means that an observation target (e.g.,
ablood vessel of interest) is temporally and spatially labeled
(tagged) in the form of longitudinal magnetization to depict
an MR signal from blood or the like with high or low intensity
as compared with a signal from other regions (i.e., to generate
contrast). A region ofan object to be tagged by applying an IR
pulse (or a corresponding region on an image) is called a tag
region.

IR pulses include a “spatial selective IR pulse” and a “spa-
tial nonselective IR pulse”. A “spatial selective IR pulse” is
used to tag a specific space selected in an imaging region as a
tag region. In contrast, a “spatial nonselective IR pulse” is
used to tag an entire imaging region as a tag region instead of
selecting a specific space in the imaging region. The latter can
be freely turned on and off automatically depending on the
type of non-contrast enhanced MRA to be selected or by
predetermined operation through an input unit 207.

Intemporal adjustment processing in a magnetic resonance
imaging apparatus 1 according to this embodiment, in order
to cope with the disturbance of the respiratory period of the
patient, parameters concerning a respiratory period (e.g., a
histogram of an average expiratory peak interval and a respi-
ratory period pattern) are measured in advance, and imaging
scheduling is performed in accordance with the predicted
pattern of change in respiratory period of the patient. More-
over, in the actual scan operation, as monitoring respiratory
period of the patient is monitored, the pulse sequence which
is synchronized with the respiratory period of the patient is
performed repeatedly.

Tt is said that a respiratory period of human is generally
about 3,000 msec to 5,000 msec. If, therefore, for example,
the average respiratory period is as relatively long as about
5,000 msec and stable, non-contrast enhanced MRA imaging
is scheduled with TT and the flip angle of a tagging pulse being
respectively set to about 1,500 msec and a=180°. In contrast,
if the average respiratory period is as relatively short as about
3,000 msec, non-contrast enhanced MRA imaging is sched-
uled with TT being set to about 1,200 msec by adjusting the
flip angle o of a tagging pulse within the range of, for
example, 90°<0<180° or adjusting the delay time from an
expiratory trigger to a tagging trigger, a matrix size, the appli-
cation time of an RF pulse for imaging, and the like.

FIG. 11 is a view showing an example of a scan sequence
for non-contrast enhanced MRA in a case where a single Tag
region is set and a region including the renal artery of the
patient is volume-scanned by using breath expiration as a
trigger. FIG. 12 is a view showing an example of a scan
sequence for non-contrast enhanced MRA in a case where a
plurality of Tag regions (two regions Tagl and Tag2 in the
case shown in FIG. 12) are set and a region including the renal
artery of the patient is volume-scanned by using breath expi-
ration as a trigger. F1G. 13 is a flowchart showing a procedure
for processing in non-contrast enhanced MRA imaging. The
operation of this magnetic resonance imaging apparatus will
be described with reference to the flowchart of FIG. 13 by
using the sequence shown in F1G. 11 or 12. The operation can
be used in a case where the volume data corresponding to a
region including the renal artery of the patient is obtained by
executing a scan, which is for acquiring a predetermined
amount of data (for example, an amount corresponding to one
slice encode) in a respiratory period, repeatedly in synchro-
nization with respiratory motion of the patient.

As shown in FIG. 13, first of all, when patient information,
a diagnosis region, a scan sequence used for imaging, and the
like are input and selected through an input device 13 (step
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S21), a host computer 6 executes a positioning scan for
acquiring a positioning image used to set an imaging range
and a tag region (step S22).

Using the acquired positioning image, the host computer 6
sets an imaging range and a tag region in accordance with
inputs from the input device 13 (step S23). At this time, if, for
example, a single tag region is to be set (i.e., in accordance
with the scan sequence shown in FIG. 11), the host computer
6 sets an imaging range and a tag region as shown in FIG. 14.
If a plurality of tag regions are to be set (i.e., in accordance
with the scan sequence shown in FIG. 12), the host computer
6 sets an imaging range and a plurality oftag regions as shown
in FIG. 15.

The host computer 6 then determines a flip angle o of a
tagging pulse and Ti based on the average respiratory period
(step S24). If, for example, the average respiratory period is
about 3,000 msec, the host computer 6 determines flip angle
0=120° and TI=1200 msec in the case shown in FIGS. 11 and
14, and determines flip angle ¢=120°, TT1=1200 msec, and
T12=600 msec in the case shown in FIGS. 12 and 15.

A sequencer 5 then executes non-contrast enhanced MRA
by using the set imaging range and tag region in accordance
with a scan sequence. When, for example, the scan sequence
in FIG. 12 is to be followed, the sequencer 5 applies the first
IR pulse to a tag region A at the timing delayed from an
expiratory trigger by a predetermined interval, and further
applies the second IR pulse to a tag region B a predetermined
interval after the application of the first IR pulse (step S25).
The sequencer 5 repeatedly executes an imaging scan in
accordance with a predetermined sequence an interval TI1
after the application time of the first IR pulse (or an interval
TI12 after the application time of the second IR pulse) (step
S26).

Note that in a scan sequence using an expiration as a trigger
such as shown in FIGS. 11 and 12, an actual respiratory
period sometimes becomes extremely short depending on, for
example, the physical or mental condition of the patient. As a
result, the flip angle o and TT of the tagging pulse scheduled
in advance are not appropriate as they are. For example, it is
such a case where while executing the scan sequence shown
in FIG. 11 on a patient whose average respiratory period is
about 5000 msec with a flip angle a=180° and T1=1200 msec
in scheduling, the respiratory period TB2 suddenly shortens
to, for example, about 3000 msec. In this case, the period Th2
from the scan end time in the respiratory period TB2 to the
expiration timing in the respiratory period TB3 becomes
extremely short. For this reason, there may be some case
where the time for restoring the magnetization cannot be fully
secured with pre-scheduled flip angle o and TT of the tagging
pulse as they are.

To acquire MR images with stable contrast pattern in this
case, the magnetic resonance imaging apparatus includes the
function of readjusting and the function of re-executing.

The function of readjusting executes dynamic adjustments
of the flip angle o and T1 of tagging pulse, which are deter-
mined in scheduling, with response to the variation in respi-
ratory period during monitoring. For example, with response
to the period Th2 from the scan end time in the respiratory
period TB2 to the expiration timing in the respiratory period
TB3 shown in FIG. 11, appropriate flip angle o and TT are
re-calculated and updated in real time during the time period
between the expiration trigger to the application of the tag-
ging pulse. Further, in accordance with necessity, the flip
angle of RF pulse forimaging is changed. The changing of the
flip angle o and TT described above are dynamically executed
with response to a period Tbi from the scan end time in a
respiratory period TBi to the expiration timing in the next
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respiratory period TBi+1. It should be noted that in the case
where there are a plurality of Tag regions as shown in FIG. 12,
the function of re-adjustment is used for the flip angle o and
TI of each tagging pulse in each of the Tag regions.

FIG. 16 is a flowchart showing a procedure for processing
(imaging condition readjustment processing) conforming to
the imaging condition readjustment function. As shown in
FIG. 16, a control unit 202 executes imaging using imaging
conditions conforming to scheduling in response to an expi-
ration as a trigger (step S31). At this time, in order to cope
with the predicted disturbance of an expiration, it is prefer-
able to set a relatively small number of slices in imaging
scheduling. The control unit 202 then determines whether an
expiratory trigger is generated during imaging (image acqui-
sition) (step S32). Upon determining in step S32 that an
expiratory trigger is generated during image acquisition, the
control unit 202 counts up the time up Lo the end of currently
performed image acquisition (step S33a).

The control unit 202 then determines whether the time
counted up in step S33a falls within a predetermined thresh-
old (step S34a). Upon determining that the time falls within
the predetermined threshold, the control unit 202 re-sets con-
ditions for imaging in synchronism with the next expiratory
trigger (without any interval of one respiratory cycle) by, for
example, shortening the wait time for an expiratory trigger,
shortening the delay time from the expiratory trigger, short-
ening the wait time from a tagging pulse to an imaging pulse,
suppressing the flip angle of the tagging pulse, and increasing
the flip angle of the imaging pulse (step S35a). In contrast,
upon determining in step S34a that the time falls outside the
predetermined threshold, the control unit 202 re-sets condi-
tions for imaging in synchronism with an expiratory trigger
after one respiratory cycle (step S36a). The control unit 202
executes subsequent dynamic imaging by using the condi-
tions re-set in step S35a or S36a (step S37a).

Upon determining in step S32 that no expiratory trigger is
generated during image acquisition, the control unit 202
counts up the time up to the next expiratory trigger based on
parameters concerning the respiratory period acquired in
advance (step S33b).

The control unit 202 determines whether the time counted
up in step S335 falls within a predetermined threshold (step
S345). Upon determining that the time falls within the pre-
determined threshold, the control unit 202 re-sets conditions
that establish synchronism with the next expiratory trigger
(without any interval of one respiratory cycle) and prevent the
timing of image acquisition from overlapping that of expira-
tory trigger by, for example, shortening the wait time for an
expiratory trigger, shortening the wait time from a tagging
pulse to an imaging pulse, suppressing the flip angle of the
tagging pulse, and increasing the flip angle of the imaging
pulse (step S35b). The control unit 202 executes subsequent
dynamic imaging by using the re-set conditions (step S365).

In contrast, upon determining in step S34b that the time
falls outside the predetermined threshold, the control unit 202
re-sets conditions for imaging in synchronism with an expi-
ratory trigger (without any interval of one respiratory cycle)
(step S37b). The control unit 202 executes subsequent
dynamic imaging by using the re-set conditions (step S385).

The control unit 202 executes the above imaging condition
readjustment processing every time imaging is repeated, thus
executing a series of dynamic imaging. Using such an imag-
ing condition readjustment function in addition to the first
scheduling can perform imaging without any phase shift rela-
tive to a heartbeat by compensating for the delay time from
the heartbeat as much as possible even if the wait time is
shortened. As described above, the function of re-adjustment
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is very effective if the period Tbi from the scan end time in a
respiratory period TBi to the expiration timing in the next
respiratory period TBi+1 is a certain value or more (for
example, 800 ms or more). On the other hand, in the case
where the period Thi is extremely short as, for example, 500
ms, an MR image with a stabilized contrast cannot be
obtained even if the dynamic adjustment function is used. The
function ofre-adjustment should be used in the case where the
recovery is not possible if the dynamic adjustment function is
used as discussed above.

That is, the function of re-adjustment is that when the
period Thi in a respiratory period TBi is extremely snort, the
data obtained in the state where the magnetization is not fully
recovered in the next respiratory period TBi+1 (for example,
data corresponding to the i-th slice encode) is rejected, and
the scan which follows the identical encode pattern to that of
the scan of the next respiratory period TBi+1 is re-executed in
one of the respiratory periods from the period TBi+2 or later.
It should be noted that the re-execution may be carried out in
any one of these respiratory periods. As a typical example,
when data is obtained in the state where the magnetization is
not fully recovered in the respiratory period TBi+1, the re-
execution is done in the next respiratory period TBi+2, or
after executing the scanning operations of all encode patterns.

A computing unit 10 performs image reconstruction by
using an MR signal obtained by imaging, and forms volume
data regarding the region including the renal artery. Further, a
computing unit 20 uses the volume data formed to generate an
MR image regarding a desired cross section (step S27). Note
that data obtained in the state where the magnetization is not
fully recovered is not employed for the reconstruction of this
step. A display device 12 displays the generated MR signal as
a moving image or a still image (step S28).

(First Modification)

The second embodiment has exemplified the imaging
sequence using the three-dimensional SSFP (Steady-State
Free Precession) method (see FIGS. 11 and 12). However, the
present embodiment is not limited to this. For example, it is
possible to perform imaging by using other scan sequences
such as a three-dimensional FSE (Fast Spin-Echo) method
and a three-dimensional FASE (Fast Advances Spin-Echo)
method. In addition, an image acquisition form to be used can
be asingle or multi-shot form. If, for example, the case in FIG.
2 is a sequence conforming to the single-shot three-dimen-
sional SSFP method, first slice encoding is executed in imag-
ing I, and second slice encoding is executed in subsequent
imaging II. In contrast, if the case in FIGS. 11 and 12 is a
sequence conforming to the multi-shot (two-shot) three-di-
mensional SSFP method, the first shot in first slice encoding
is executed in imaging 1, and the second shot in first slice
encoding is executed in subsequent imaging II.

(Second Modification)

The second embodiment has exemplified the case in which
a biological signal is a respiratory period. However, the
present embodiment is not limited to this. For example, the
technical idea of the present embodiment can also be applied
to non-contrast enhanced MR A imaging using an ECG wave-
form or pulse waveform as a biological signal.

According to the above arrangement, this apparatus mea-
sures the variation amount of a respiratory period, and con-
trols the wait time from a tagging pulse to an imaging pulse,
the suppression of the flip angle of the tagging pulse, and the
flip angle of the imaging pulse in accordance with the varia-
tion amount in non-contrast enhanced MRA imaging. This
can make a phase of dynamic imaging relatively correspond
to a cardiac phase and schedule imaging conditions in accor-
dance with a respiratory period change pattern. It is therefore
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possible to correct a positional shift in the dynamic phase
direction in non-contrast enhanced MRA imaging due to
variations in respiratory period. Further, in the case where the
actual respiratory period becomes short depending on, for
example, the physical or mental conditions of the patient, the
flip angle n and T1 of tagging pulse, determined in scheduling
are dynamically readjusted with response to the variation in
respiratory period during monitoring. Furthermore, in case
where the dynamic re-adjustment does not work for some
reason and the data obtained in the state where the magneti-
zation is not fully recovered, the data obtained is rejected, and
the scan which follows the identical encode pattern to that of
the scan of one of the later respiratory periods is re-executed.
In this manner, even in the case where the respiration or the
like of the patient is disturbed, a highly accurate non-contrast
enhanced MRA can be realized.

Note that the present invention is not limited to each
embodiment described above, and constituent elements can
be modified and embodied in the execution stage within the
spirit and scope of the invention. In addition, various inven-
tions can be formed by proper combinations of a plurality of
constituent elements disclosed in the above embodiments.
For example, several constituent elements may be omitted
from all the constituent elements disclosed in the above
embodiments. Furthermore, constituent elements in different
embodiments may be properly combined.

What is claimed is:

1. A magnetic resonance imaging (MRI) apparatus which
performs myocardial perfusion imaging of an object, the
magnetic resonance imaging (MRI) apparatus comprising:

an MRI gantry having components including static and

gradient magnetic field generators, at least one radio/
frequency (RF) coil coupled to an imaging region, RF
receiver and transmitter circuits and control circuits con-
nected to control said components, said control circuits
including at least one central processing unit and asso-
ciated memory configured to effect

acquisition of image data by imaging a heart of the object

in synchronism with a biological signal from the object;
and

generating an image concerning the heart of the object

based on the image data,

wherein the control circuits are configured to:

apply an RF probe pulse to a first region including the
object for detecting body motion of the object before
imaging of the heart, and to apply, before application
of the RF probe pulse, (a) a spatially nonselective RF
saturation pulse, and (b) a local spatially selective RF
pulse for flipping back to a second region including
the first region after the spatially nonselective RF
saturation pulse is applied; and

apply an RF excitation pulse for MR imaging the heart
whileadjusting an excited slice position of the heart in
accordance with an object’s body motion detected by
the RF probe pulse.

2. The magnetic resonance imaging (MRI) apparatus
according to claim 1, wherein the control circuits are config-
ured to control an imaging position of the heart of the object
in accordance with the body motion of the object detected by
the RF probe pulse.

3. The magnetic resonance imaging (MRI) apparatus
according to claim 1, wherein the control circuits are config-
ured to apply the spatially non-selective RF saturation pulse,
the local spatially selective RF pulse, the RF probe pulse, a fat
suppression RF pulse, a magnetization stabilization dummy
pulse, and a radio-frequency excitation pulse for MR imaging
the heart in the order named.



US 9,259,189 B2

15

4. The magnetic resonance imaging (MRI) apparatus
according to claim 1, wherein the biological signal comprises
one of (a) an ECG waveform and (b) a pulse waveform.

5. The magnetic resonance imaging (MRI) apparatus
according to claim 1, wherein:

the control circuits are configured to control at least one of

a time from application of the local spatially selective
RF pulse to application of an excitation radio-frequency
pulse in the MR imaging process, a flip angle of the local
spatially selective RF pulse, and a flip angle of the exci-
tation radio-frequency pulse in the MR imaging process,
in accordance with a variation amount concerning a
biological signal.

6. The magnetic resonance imaging (MRI) apparatus
according to claim 5, wherein the first region includes a heart
of the object and the biological signal is an ECG waveform of
the object.

7. The magnetic resonance imaging (MRI) apparatus
according to claim 5, wherein the first region includes an
artery of the object and the control circuits are configured to
apply a spatially selective IR (inversion recovery) pulse at
least once as the local spatially selective pulse for generating
contrast.

8. The magnetic resonance imaging (MRI) apparatus
according to claim 5, wherein the first region includes an
artery of the object and the control circuits are configured to
generate a spatially nonselective IR pulse as a pulse for gen-
erating contrast.

9. The magnetic resonance imaging (MRI) apparatus
according to claim 5, wherein the first region includes an
artery of the object and the control circuits are configured to
apply a spatially nonselective IR (inversion recovery) RF
pulse and a spatially selective IR RF pulse as the spatially
nonselective RF saturation pulse and the local spatially selec-
tive RF pulse, respectively, for generating contrast.

10. The magnetic resonance imaging (MRI) apparatus
according to claim 5, wherein:

the biological signal is an artery waveform of the object;

and

the control circuits are configured to control, in a period

from generation of a trigger in a predetermined time
phase to the application of the local spatially selective
RF pulse, at least one of (a) a time from first application
of the local spatially selective RF pulse to application of
an excitation radio-frequency pulse in the MR imaging
process, (b) a flip angle ofthe local spatially selective RF
pulse, and (c) a flip angle of the excitation radio-fre-
quency pulse in the MR imaging process in accordance
with the variation amount concerning a period of a res-
piratory waveform.

11. The magnetic resonance imaging (MRI) apparatus
according to claim 5, wherein:

the biological signal is an artery waveform of the object;

and

when a period of the artery waveform during monitoring

falls below a predetermined threshold, the control cir-
cuits are configured to execute an imaging scan
sequence in accordance with an encoding pattern, the
encoding pattern being a same encoding pattern of an
imaging scan sequence executed in a period when the
artery waveform falls below a predetermined threshold.

12. The magnetic resonance imaging (MRI) apparatus
according to claim 5, wherein the biological signal is one of
(a) an ECG waveform, (b) a pulse waveform, and (c) a respi-
ratory period.

13. A magnetic resonance imaging (MRI) method for myo-
cardial perfusion imaging, said method comprising
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controlling an MRI apparatus to acquire MRI data of a
patient’s myocardial tissue in synchronism with a bio-
logical signal derived from said patient by performing
repeated data acquisition sequences including:

(a) applying a spatially non-selective radio frequency
(RF) saturation pulse to patient anatomy including
patient myocardial tissue to be imaged and an addi-
tional motion probe target region of patient tissue;

(b) thereafter applying a local spatially selective flip-
back RF pulse to a flip-back region of the target
region;

(¢) thereafter waiting for a time period to stabilize image
contrast;

(d) thereafter applying a spatially selective motion probe
RF pulse to a region including at least part of said
target region;,

(e) thereafter performing an MRI data acquisition
sequence, by applying an RF excitation pulse for MR
imaging the patient myocardial tissue while adjusting
an excited slice position of the patient myocardial
tissue in accordance with an object’s body motion
detected by the spatially selective motion probe RF
pulse; and

(D) repeating steps (a)-(e) until sufficient MRI data has
been acquired to reconstruct a spatial domain image
of said patient myocardial tissue; and

processing acquired MRI data to reconstruct a spatial
domain image of the patient myocardial tissue.

14. The magnetic resonance imaging (MRI) method as in
claim 13, wherein an imaging position of the patient myocar-
dial tissue is detected by the motion probe RF pulse in accor-
dance with detected patient body motion.

15. The magnetic resonance imaging (MRI) method as in
claim 13, wherein the MRI apparatus is also controlled to
sequentially apply after said motion probe RF pulse:

(1) a fat suppression pulse,

(ii) a magnetization stabilization dummy pulse, and

(ii1) an RF nutation pulse for acquiring MRI data of the
patient myocardial tissue to be imaged.

16. The magnetic resonance imaging (MRI) method as in
claim 13, wherein the biological signal comprises one of (i)
an BECG waveform, and (i1) a pulse waveform.

17. The magnetic resonance imaging (MRI) method as in
claim 13, wherein the MRI apparatus also controls, as a
function of said biological signal, at least one of:

(1) said waiting time period of step (¢),

(ii) the flip-back pulse nutation angle, and

(ii1) an RF pulse nutation angle in an MRI data acquisition
sequence.

18. The magnetic resonance imaging (MRI) method of
claim 17, wherein said target region includes a portion of a
patient’s heart and the biological signal is an ECG waveform
of the patient.

19. The magnetic resonance imaging (MRI) method of
claim 17, wherein said target region includes an artery of the
patient, and a spatially selective IR (inversion recovery) pulse
is applied at least once as a local spatially selective flip-back
RF pulse for generating contrast.

20. The magnetic resonance imaging (MRI) method of
claim 17, wherein said target region includes an artery of the
patient, and a spatially non-selective IR (inversion recovery)
pulse and a spatially selective IR pulse are applied as the
spatially non-selective RF saturation pulse and the local spa-
tially selective flip-back RF pulse, respectively, for generat-
ing contrast.
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