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MAGNETIC RESONANCE IMAGING
APPARATUS AND MAGNETIC RESONANCE
IMAGING METHOD

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation-in-part (CIP) of
application Ser. No. 12/923,894 filed on Oct. 13, 2010, the
entire content of which is hereby incorporated by reference in
this application. This application is based upon and claims the
benefit of priority from Japanese Patent Application No.
2011-226159, filed on Oct. 13, 2011, the entire contents of all
of which is incorporated herein by reference.

FIELD

[0002] Exemplary embodiments relate to a magnetic reso-
nance imaging apparatus and a magnetic resonance imaging
method.

BACKGROUND

[0003] Imaging methods of conventional magnetic reso-
nance imaging apparatuses (hereinafter, MRI (magnetic reso-
nance imaging) system) include a method of imaging a fluid
traveling through a subject without using a contrast agent.

BRIEF DESCRIPTION OF THE DRAWINGS

[0004] FIG. 1 is a schematic block diagram of an MRI
system according to an exemplary embodiment.

[0005] FIG. 2 is a timing diagram depicting successive
cardiographic synchronization MR slice imaging sequences
with respect to systole and diastole in an exemplary embodi-
ment.

[0006] FIG. 3 is a schematic diagram depicting successive
difference images obtained by the differences between a
“dark (with low signal intensity)” systole image and “bright
(with high signal intensity)” diastole images at successive
cardiac-gated time increments as depicted in FIG. 2.

[0007] FIG. 4is a schematic diagram similar to that of FIG.
3, but including annotations explaining how average or mean
blood flow velocity can be calculated in accordance with an
exemplary embodiment.

[0008] FIG. 5 is a similar schematic diagram showing the
images different from those of FIGS. 3 and 4, but now with
annotations depicting how specific velocity can be calculated
at each successive time interval in accordance with an exem-
plary embodiment.

[0009] FIG. 6 is similar to FIG. 5, but now demonstrating
how an overall mean or average velocity can be calculated
over the entire sequence of difference images in an exemplary
embodiment.

[0010] FIG. 7 schematically depicts velocity measure-
ments in accordance with another exemplary embodiment
using Time-SLIP (time-spatial labeling inversion pulse)
imaging methods (flow-out and tag-on/tag-off subtraction
methods).

[0011] FIG. 8 is a schematic flow chart for an exemplary
computer program code structure that may be utilized in an
exemplary embodiment.

[0012] FIG. 9 is a schematic depiction of a operator screen
utilized when the operator defines successive path position
points for blood flow along a tortuous path between two
successive imaging times.
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[0013] FIG.10is aschematic depiction ofa possible output
display graph of specific velocity and/or mean velocity versus
time and/or slice position according to the exemplary
embodiment.

DETAILED DESCRIPTION

[0014] A magnetic resonance imaging apparatus includes a
collecting unit, a specifying unit, an acquiring unit and a
calculating unit. The collecting unit collects a plurality of
fluid images that are images of a fluid traveling though a
subject. The specifying unit specifies a distance traveled by
the fluid by using a difference image between a reference
image that is one of the fluid images and each fluid image. The
acquiring unit acquires an elapsed time corresponding to the
traveled distance from pulse sequence information that is
used to collect the fluid images. The calculating unit calcu-
lates a flow velocity of the fluid by dividing the traveled
distance by the elapsed time.

[0015] An MRI (magnetic resonance imaging) system 100
shown in FIG. 1 includes a gantry 10 (shown in cross-section)
and various related system components 20 interfaced there-
with. At least the gantry 10 is typically located in a shielded
room. One MRI system 100 depicted in FIG. 1 includes a
substantially coaxial cylindrical arrangement of a static mag-
netic field B, magnet 12, a G,, G, and G, gradient coil set 14,
and an RF (radio frequency) coil assembly 16. Along the
horizontal axis of the components cylindrically arranged,
there is an imaging volume 18 shown as encompassing the
head of a subject 9 supported by a subject table 11.

[0016] An MRI system controller 22 has input/output ports
connected to a display 24, a keyboard/mouse 26 and a printer
28. As will be appreciated, the display 24 may be of the
touch-screen variety so that it provides control inputs as well.
[0017] The MRI system controller 22 interfaces with an
MRI sequence controller 30. The MRI sequence controller 30
sequentially controls a G, G, and G, gradient coil drivers 32,
as well as an RF transmitter 34 and a transmit/receive switch
36 (if the same RF coil is used for both transmission and
reception). The MRI sequence controller 30 includes a suit-
able program code structure 38 for implementing MRI data
acquisition sequences (including the imaging of flowing fluid
such as blood) already available in the MRI sequence con-
troller 30. A cardiac signal acquisition apparatus 8 (e.g., ECG
(electrocardiogram) or peripheral pulse transducer(s)
coupled appropriately to the body of the subject 9) can output
cardiac gating signals 13 serving as signals to trigger the MRI
sequence controller 30.

[0018] The MRI system 100 includes an RF receiver 40
providing input to an MRI data processor 42 so as to create
processed image data to be output to the display 24. The MRI
data processor 42 may be also configured to access an image
reconstruction program code structure 44 and an MR image
memory 46 (e.g., for storing MRI data derived from process-
ing in accordance with the exemplary embodiments and the
image reconstruction program code structure 44).

[0019] FIG. 1 gives a generalized depiction of an MRI
system program/data storage 50. The program code structures
(e.g., for image reconstruction and for flow velocity, distance/
time measurements, operator inputs, etc.) stored in the MRI
system program/data storage 50 is stored in computer-read-
able storage media accessible to the various data processing
components of the MRI system 100. As those in the art will
appreciate, the MRI system program/data storage 50 may be
segmented and directly connected, at least in part, to various
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ones of the processing computers of the MRI system 100
having most immediate need for such stored program code
structures stored in their normal operation (i.e., rather than
being commonly stored and connected directly to the MRI
system controller 22).

[0020] Indeed, as those in the art will appreciate, the depic-
tion of FIG. 1 is of a very high-level simplified diagram of the
typical MRI system 100 with some modifications so as to
practice the exemplary embodiments to be described below.
The system components can be divided into different logical
collections of “boxes” and typically include numerous digital
signal processors (DSP (digital signal processors)), micro-
processors, special purpose processing circuits (e.g., for fast
A/D conversions, fast Fourier transforming, array processing,
etc.). Each of those processors is typically a clocked “state
machine” wherein the physical data processing circuits
progress from one physical state to another upon the occur-
rence of each clock cycle (or predetermined number of clock
cycles).

[0021] Not only does the physical state of processing cir-
cuits (e.g., CPUs (central processing unit), registers, buffers,
arithmetic units, etc.) progressively change from one clock
cycle to another during the operation, the physical state of
associated data storage media (e.g., bit storage in magnetic
storage media) is transformed from one state to another dur-
ing operations of such a system. For example, at the conclu-
sion of an MR-imaging reconstruction process, an array of
computer-readable accessible data value storage in physical
storage media will be transformed from some prior state (e.g.,
all uniform “zero” values or all “one” values) to a new state.
In such a new state, the physical states at the physical sites of
such an array vary between minimum and maximum values to
represent real world physical events and conditions (e.g., the
blood flowing in arteries of a subject over an imaging volume
space). As those in the art will appreciate, such arrays of
stored data values represent and also constitute a physical
structure. In other words, when such an array is sequentially
loaded into instruction registers and executed by one or more
CPUs of the MRI system 100, a particular sequence of opera-
tional states occurs and thus a particular structure of computer
control program codes that is transitioned through within the
MRI system 100 is constituted.

[0022] The exemplary embodiments described below pro-
vide improved ways to perform a process of acquiring data
including the velocity of the flowing fluid (hereinafter,
referred to as “flow velocity” as required) and/or to generate
and display MR-images.

[0023] There are MR signal strength changes between
images collected in synchronism with cardiac systolic and
diastolic timings. The MR signal strength changes can be
used to obtain a non-contrast time-resolved fluid (e.g., blood)
flow by subtracting a systole image with a low signal value
from a diastole image with a high signal value and/or sub-
tracting a diastole image with a high signal value from a
systole image with a low signal. This is sometimes referred to
as time-resolved non-contrast MRA (magnetic resonance
angiography). In addition, there are other non-contrast agent
imaging techniques for fluid flows such as time-SLIP (time-
spatial labeling inversion pulse) sometimes referred to as
ASL (arterial spin labeling).

[0024] An operator interface to facilitate measuring fluid
flow velocities in these non-contrast imaging techniques
would be desirable.
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[0025] In accordance with exemplary embodiments to be
described below, fluid flow velocity measurements in non-
contrast fluid images can be achieved in at least two ways. The
first is a way using diastolic-systolic subtraction images. The
MRI system 100 can specify the distance traveled by the fluid
by using diastolic-systolic subtraction images. For example,
if the artery path is relatively linear, it can be assumed that the
path from a start point to an end point is a simple line.
Alternatively, even if the artery path is tortuous, the path from
a start point to an end point can be specified by connecting
strategically placed points along the path. Automatic tracking
of distance travelled by the flowing fluid along an arbitrarily-
shaped path may also be available. In any event, the distance
along which flowing fluid has passed between successive
imaging times can be used to calculate specific velocity
between successive imaging times, as well as an average or
mean velocity over a succession of such imaging times.
[0026] The second is a way using a non-contrast Time-
SLIP image technique. When a non-contrast Time-SLIP
image technique is used, it may involve somewhat different
imaging sequences such as FASE (fast asymmetric spin echo)
or bSSFP (balanced steady state free precession) in either
centric ordering of phase encoding for k-space or sequential
ordering of phase encoding for k-space. The numerator is, of
course, still the distance travelled by the signal-producing and
flowing material (e.g., blood). For Time-SLIP with FASE
imaging method, the time increment to be used for the
denominator in calculating a flow velocity can be BBTI
(black-blood time to inversion) time plus effective time to
echo (TEeft). For Time-SLIP with bSSFP, the time increment
for the denominator would be BBTI. For Ttime-SLIP with
bSSFP in sequential ordering, the time increment for the
denominator is BBTI time plus one-half ETL (echo train
length) (time corresponding to half of the phase encode num-
ber).

[0027] Velocity measurements may be made for MR signal
producing flow displacements between different ECG (elec-
trocardiogram) (electrocardiogram gating) signal points (for
example, systole to diastole) or using FBI (fresh blood imag-
ing)-Navi signal difference plots. Velocity measurement of
flowing MR signal displacements or travelled MR signals can
be measured.

[0028] Asjust mentioned, displacements of MR signal pro-
ducing flows using Time-SLIP imaging techniques during
BBTI (possibly plus TEeff, and/or ETL/2 depending on
k-space ordering) can also be used to calculate a mean veloc-
ity.

[0029] In an exemplary embodiment, a simple GUI
(graphical user interface) may be used (e.g., by depression of
a mouse button) to selectively calculate a flow velocity along
atravelled distance. The outline of the travelled distance may
be depicted by the user (e.g., by defining strategically placed
points along the path) or by a system-provided auto-tracking
feature. In any event, the distance travelled is then divided by
the time interval associated with that distance (e.g., between
subtracted images in ECG delayed imaging techniques and/or
in Time-SLIP imaging techniques).

[0030] The GUI can be used to measure a flow travel of
mean velocity and/or specific velocity. In non-contrast tech-
niques, velocity measurements can be measured in at least
two ways. In a first method, using diastolic-systolic subtrac-
tion imaging techniques, a displacement line can be drawn
along the distance of MR signal displacement (by nearest
point or line connected in length). The MRI display system



US 2013/0096419 Al

may automatically record this as a distance and then, by
clicking an appropriate button (e.g., or a right mouse click to
select velocity), calculation of dividing such a distance by an
appropriate corresponding time difference (e.g., between the
effective elapsed times of the subtracted systolic and diastolic
images) can be achieved. In a second method (e.g., ASL
(arterial spin labeling) method), MRI signal produces a flow
traveling from the start signal to the last signal in a distance
divided by the (BBTI+TEeff) for Time-SLIP with FASE,
(BBTI) for Time-SLIP with bSSFP in centric ordering, and
(BBTI+ETL/2) for time-SLIP with bSSFP in sequential
ordering).

[0031] The MRI system 100 according to the above-de-
scribed exemplary embodiment will be described again. The
MRI system 100 according to the exemplary embodiments
includes a collecting unit, a specifying unit, an acquiring unit
and a calculating unit. The collecting unit collects a plurality
of fluid images that are images of the fluid traveling through
the subject. The specifying unit specifies a distance traveled
by the fluid by using difference images between a reference
image that is one of the fluid images and each fluid image. The
acquiring unit acquires an elapsed time corresponding to the
traveled distance from pulse sequence information used to
collect the fluid images. The calculating unit calculates a flow
velocity by dividing the traveled distance by the elapsed time.
For example, the MRI system controller 22 includes these
units (not shown) and these units that the MRI system con-
troller 22 includes controls the MRI sequence controller 30,
the gantry 10, and other related components. Descriptions
will be divided below for some cases. Specifically, descrip-
tions will be provided for Case 1 where a plurality of fluid
images at different cardiac phases are collected and Case 2
where a plurality of fluid images at different phases are col-
lected by using Time-SLIP (time-spatial labeling inversion
pulse) imaging method.

[0032] Some cases will be described below as exemplary
embodiments. However, exemplary embodiments are not
limited to the following cases.

[0033] [Case 1]

[0034] First, Case 1 will be described.

[0035] A FASE (fast asymmetric spin echo) (or FBI (fresh
blood imaging)) sequence is used. If the phase-encode (PE)
direction is perpendicular to the peripheral vessel flow, MR
signal intensity of each FASE image with small increments
therebetween (such as 1 RR to n RRs) will vary as shown in
FIG. 2.

[0036] By Subtracting lower intensity signals (e.g., in a
systole image) from higher intensity signals (e.g., at a dias-
tolic-triggered image), a composite image of a flowing vol-
ume that appears like a moving object is obtained as shown in
FIG. 3.

[0037] If displayed in cine, non-contrast time-resolved
MRA can be seen. By tracking the MR flow signal along even
tortuous vessels, a velocity is obtained from the travelled
vessel length divided by the difference in time between
images. A mean flow velocity (which can, of course, also be
directly calculated if omission of calculating any intermedi-
ate specific velocity is required) can be obtained from the
average of specific (incremental) flow velocities v1, v2, . . .
vn.

[0038] The collecting unit according to Case 1 collects a
plurality of fluid images of a fluid traveling through a subject
at different cardiac phases. The specifying unit according to
Case 1 specifies a distance traveled by the fluid by using the
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fluid images. The acquiring unit according to Case 1 acquires
an elapsed time corresponding to the traveled distance from
the pulse sequence information used to collect the fluid
images. The calculating unit according to Case 1 calculates a
velocity of the fluid by dividing the traveled distance by the
elapsed time. For example, the MRI system controller 22
includes these units (not shown) and these units that the MRI
system controller 22 includes control the MRI sequence con-
troller 30, the gantry 10, and other related components.
[0039] The collecting unit collects the fluid images at dif-
ferent cardiac phases between diastole and systole by using,
for example, an FBI imaging method. The FBI imaging
method is a blood vessel imaging method using 3D FASE in
which an appropriate delay from a synchronization signal (for
example, R wave) is set and, by performing the collecting by
using electrocardiographic synchronization or pulse synchro-
nization, new blood pumped out of the heart is depicted. The
intensity of the MR signal collected by the collecting unit
varies between diastole and systole as depicted in FIG. 2. For
this reason, the collecting unit collects the fluid images at
different cardiac phases in a way that it sets delays t, msec, t,
msec . . ., for which the delay from the electrocardiographic
synchronization signal is gradually increases, and collects an
MR signal S, in synchronization with a delay t, msec and
collects an MR signal S, in synchronization with a delay t,
msec.

[0040] The specifying unit specifies the distance traveled
by the fluid for each of the fluid images at different cardiac
phases by using difference images between fluid images col-
lected at predetermined cardiac phases and a fluid image
collected at a reference cardiac phase. As described above, the
MR signal intensity is different between the fluid images at
different cardiac phases. Thus, for example, by subtracting a
fluid image collected at a predetermined cardiac phase from
the fluid image collected at the reference cardiac phase, the
signal of the fluid (e.g., blood) traveling through the subject
during that time can be depicted. For example, in FI1G. 3, “t,”
denotes the reference cardiac phase and “S1 (t,,)” denotes the
MR signal collected at the cardiac phase t,,. As shown in FIG.
3, for example, because the MR signal of the blood pumped
out of the heart during systole has a low intensity (expressed
by, for example, white in FIG. 3), the low-intensity portion
gradually increases as the delay increases. Images 1 to 6 are
images, each of which is obtained by subtracting the fluid
image at each phase from the fluid image at the reference
cardiac phase and subtracting information excluding blood,
and each of which depicts blood. The specifying unit specifies
the distance traveled by the fluid at each cardiac phase by
analyzing Images 1 to 6, which are the difference images, and
by discriminating, for example, the high-intensity part and
the low-intensity part. For example, the specifying unit speci-
fies the traveled distances L2 to L6 as shown in FIG. 4.
[0041] Theacquiring unitacquires an elapsed time from the
pulse sequence information for each traveled distance of each
fluid image. For example, in Case 1, the elapsed time corre-
sponding to each cardiac phase corresponds to a delay that is
set as pulse sequence information. For this reason, the acquir-
ing unit acquires the delay that is set as the pulse sequence
information. For example, the acquiring unit acquires t,,
msec, t,,, msec, t,, ;msec,t , msecandt,, s msec as delays.
[0042] The calculating unit calculates a flow velocity by,
for example, using each traveled distance and each elapsed
time. For example, the calculating unit calculates a flow
velocity by dividing an accumulated traveled distance
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obtained by accumulating each traveled distance by an accu-
mulated elapsed time obtained by accumulating each elapsed
time. For example, as shown in FIG. 6, the calculating unit
calculates a velocity by dividing an accumulated traveled
distance 1.6, which is obtained by accumulation at each car-
diac phase, by an accumulated elapsed time (t,,s—t,). The
method of calculating a velocity is not limited to this. The
calculating unit may calculate a specific velocity specific to
the cardiac phase by dividing a certain traveled distance by an
elapsed time corresponding to the traveled distance. For
example, as shown in FIG. 4, the calculating unit calculates a
mean velocity MV3 by dividing a traveled distance [.3 by an
elapsed time (t,,,,-t,,). For example, as shown in FIG. 5, the
calculating unit calculates a specific velocity SV by dividing
a traveled distance AL6, which represents a difference
between Image 6 and Image 5, by an elapsed time (t,,, s-t,,, ).

[0043] [Case 2]
[0044] Case 2 will be described.
[0045] Flow-out (non-selective and selective pulses) or

flow-in (only selective pulse) Time-SLIP, as well as alterna-
tive acquisition and subtraction (tag-on and off subtraction)
also allows measurement of mean velocity.

[0046] When a single shot FSE (FASE) is used, a velocity
can be calculated using a traveling flow volume within the
BBTI time (tag to acquisition pulse) serving as a flow travel
time and an effective TE (TEeff). Therefore, a velocity can be
calculated as a length (L) of the traveling flow divided by
(BBTI+TEef}).

[0047] When a bSSFP is used, a velocity can be calculated
using a traveling flow within the BBTI time (tag to acquisition
pulse) serving as the flow travel time. Therefore, a velocity
can be calculated as a length (L) of the traveling flow divided
by BBTL

[0048] The collecting unit according to Case 2 collects a
plurality of fluid images, which are images of a fluid flowing
through a subject, at different phases by performing imaging
in which a spin of the fluid is labeled and then echo signals of
the spin are received after a predetermine time has elapsed for
a plurality of times in which the predetermined time is
changed. The specifying unit according to Case 2 specifies
the distance traveled by the fluid by using the fluid images.
The acquiring unit according to Case 2 acquires the elapsed
time corresponding to the traveled distance from the pulse
sequence information used to collect the fluid images. The
calculating unit according to Case 2 calculates the flow veloc-
ity of the fluid by dividing the traveled distance by the elapsed
time. For example, the MRI system controller 22 includes
these units (not shown) and these units that the MRI system
controller 22 includes control the MRI sequence controller
30, the gantry 10, and other related components.

[0049] In Case 2, the collecting unit collects a plurality of
fluid images at different phases by using, for example, the
Time-SLIP imaging method. The Time-slip imaging method
is an imaging method of depicting a fluid flowing into or
flowing out of an imaging area by labeling the fluid in posi-
tions independent of the imaging area and increasing or
reducing the signal value of the fluid flowing into or flowing
out of the imaging area. In the Time-SLIP imaging method,
Time-SLIP pulses are applied after a predetermined wait time
from the synchronization signal (e.g., R wave). The Time-
SLIP pulses include an area non-selective inversion pulse
(“non-selective pulse” in FIG. 7) and an area selective inver-
sion pulse (“selective pulse” in FIG. 7) and on or off can be set
for the area non-selective inversion pulse. When the fluid
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flowing into (or flowing out of) the imaging area is labeled by
using the area selective inversion pulse, the intensity of the
signal of the part that the fluid has reached after BBTI (black-
blood time to inversion) time increases (decreases when the
area non-selective inversion pulse is off). For this reason, the
collecting unit sets a plurality of BBTI times and collects a
plurality of fluid images at different phases.

[0050] When a labeling position is set outside the imaging
area, the labeled fluid flows into the imaging area, which is
referred to as “flow-in”. In contrast, when a labeling position
is set in the imaging area, the labeled fluid flows out of the
imaging area, which is referred to as “flow-out”. The exem-
plary embodiments can be applied to both “flow-in” and
“flow-out”.

[0051] The collecting unit according to Case 2 collects two
fluid images by alternately repeating collecting in which
labeling by using an area selective inversion pulse is per-
formed and collecting in which labeling by using an area
selective inversion pulse is not performed, for example, for
each slice encode. In addition, the exemplary embodiments
are also applicable to a case in which the collecting in which
labeling is not performed is not performed for each slice
encode, is performed, for example, once. Furthermore, the
exemplary embodiments are also applicable to a case in
which collecting in which no labeling is performed.

[0052] The specifying unitaccording to Case 2 specifies the
distance traveled by the fluid in each of the fluid images at
different phases by using difference images between a refer-
ence image that is collected by imaging in which no labeling
is performed and each fluid image collected by imaging in
which labeling is performed. For example, the specifying unit
extracts a labeled part by obtaining a difference between the
two fluid images collected for the same slice encode and
reduces the background signal. Alternatively, when collect-
ing in which no labeling is performed is performed once, the
specifying unit extracts only a labeled part by obtaining a
difference between a reference image collected in the collect-
ing once and each fluid image collected by imaging in which
labeling is performed and reduces the background signal. As
shown in FIG. 7, in a difference image, as an increase in the
BBTI time becomes greater, the high-intensity part gradually
increases (for example, expressed by black in FIG. 7). The
specifying unit specifies the traveled distance of the fluid at
each phase by analyzing the each fluid image on the basis of
the intensity and, for example, distinguishing between the
high intensity part and a low intensity part.

[0053] The acquiring unit acquires an elapsed time from
pulse sequence information for each traveled distance of each
fluid image. For example, in Case 2, the collecting unit
assumes a case where a plurality of fluid images at different
phases are collected by using the Time-Slip method using the
FASE (fast asymmetric Spin Echo) method. In this case, the
acquiring unit acquires, as an elapsed time, a value obtained
by adding a BBTI time to an effective echo time (TEeff
(effective time to echo)) from the pulse sequence information.
[0054] The acquiring unit according to Case 2 may acquire
an elapsed time corresponding to a traveled distance in accor-
dance with the method of filling a k space used to generate
fluid images. A case is assumed in which the collecting unit
collects a plurality of fluid images at different phases by using
the Time-SLIP imaging method using the bSSFP (balanced
steady state free precession) method. In this case, in a case of
centric ordering in which phase encodes are arrayed from the
center of the k space, the acquiring unit acquires, as an
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elapsed time, a BBTI time from the pulse sequence informa-
tion. In contrast, in a case of sequential ordering in which
phase encodes are sequentially arrayed in the k space, the
acquiring unit acquires a value obtained by adding a BBTI
time to a time corresponding to half of the phase encode
number. These elapsed times are designed to correspond to
the elapsed times in which MR signals with which the center
part of the k space is filled are collected.

[0055] Like Case 1, for example, the calculating unit cal-
culates a flow velocity by, for example, dividing an accumu-
lated traveled distance obtained by accumulating each trav-
eled distance by an accumulated time obtained by
accumulating each elapsed time.

[0056] InCase2,apCASL (pulsed continuous arterial spin
labeling) in which labeling pulses are continuously radiated
may be used as a labeling method. Alternatively, instead of
continuously radiating labeling pulses, the width or size of the
labeling area (labeling area) may be set larger.

[0057] Preferably, regardless of whether in Case 1 or Case
2, all calculations are done on the MR image console by
selecting an icon of “Velocity” (“mean velocity” and/or “spe-
cific velocity”), e.g., with a mouse click.

[0058] As those in the art will appreciate, the non-contrast
Time-SLIP (ASL) technique observes flow fluids by using
multiple different BBTI times in MRI sequences.

[0059] The exemplary embodiments provide a relatively
simple GUT to facilitate velocity measurements (specific and/
or mean) instead of requiring such to be calculated oft-line
using a calculation tool separate from the MRI display sys-
tem. This GUI allows an easy and quick calculation of mean
and/or specific flow velocities.

[0060] As depicted in FIG. 2, an FBI/Navi routine or the
like may be utilized to obtain successive slice images S1, S2,
S3 ... at successively delayed times from systole to diastole
in the typical PQRSTU cardiac cycle. One complete cardiac
cycle is sometimes referred to as an “R-R” cycle. Of course,
the frequency of R cardiac pulses equates to the subject’s
pulse rate.

[0061] The “FBI/Navi routine” is a feature of obtaining a
delayed time appropriate for FBI imaging from the images
collected by ECG-Prep imaging. ECG-Prep imaging is 2D
FASE imaging that is performed in order to set a delayed time
in the FBI imaging method prior to imaging by the FBI
imaging method. By ECG-Prep imaging, a plurality of
images at different cardiac phases are collected while the
delayed time from the synchronization signal (e.g., R wave) is
changed and the collected images or signal values analyzed
on the basis of the images are displayed on the display. FBI-
Navi extracts an area in which the signal value significantly
changes by analyzing the images collected by ECG-Prep
imaging, obtains signal value differences each between a
reference image and each image, and displays the obtained
signal value differences in a graph.

[0062] Using cardiac (or peripheral pulse) gating as appro-
priate, MRI sequences can be imposed on the subject at
successively delayed points in the cardiac cycle. As measured
from systole at t,, the delay increments for each successive
slice S1, S2, . . . Sn(max) are depicted in FIG. 2 out to a
maximum time at tn(max).

[0063] As thosein the art will appreciate, difference images
can be generated by subtracting one of these images from
other images on a pixel-by-pixel basis. To obtain the maxi-
mum contrast in MRA, typically the systole image having
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minimum signal intensity will be subtracted from the diastole
image having the maximum signal intensity so as to produce
a single MRA image.

[0064] However, if the successive images S2, S3, etc., are
subtracted from the systole image S1, a succession of differ-
ence images will be produced which can depict aleading edge
of'a pulsatile fluid flow almost as an advancing “object” along
a subject’s artery.

[0065] FIG. 3 is a schematic depiction of an idealized
entirely linear artery. The artery has been imaged at time t,, at
systole and then successively imaged again at incrementally
increasing time intervals towards diastole at t,,;, t,,,,, €tc.
The resulting sequence of images starts with a null Image 1
(since two identical images are being subtracted) and then
progresses to reveal a flowing fluid in the imaged artery
section starting from the top and progressing towards the
bottom (in FIG. 3) as the flowing fluid produces ever-increas-
ing MR signal intensity because the imaging times approach
more closely to diastole. In effect, one can discern a leading
edge of flowing fluid starting from time t, and traversing
various lengths of the artery segment through the different
successive time intervals involved.

[0066] Thus, as depictedin FIG. 4, it is possible to measure
the total length of distance travelled by the flowing fluid at the
end of each successive time interval and to divide that total
length by the elapsed time so as to provide a mean velocity
measurement at the end of each image interval.

[0067] Alternatively, as depicted in FIG. 5, a specific veloc-
ity for each incremental time interval between images can
also be calculated by calculating the incremental distance
travelled between images and dividing by the appropriate
related time interval. Assuming that the time interval between
images is equal, it will thus be seen in FIG. 5 that the specific
velocity increases at Image 3 compared to Image 2, and again
at Image 4 compared to Image 3. However, it appears to
decrease at Image 5 compared to Image 4 and then to increase
again at Image 6 compared to Image S.

[0068] As depicted in FIG. 6, the same set of successive
Images 1 to 6 can also be analyzed so as to calculate only the
average or mean velocity over the entire interval (comparing
Image 6 to Image 1).

[0069] Ineffect, as displayed in cine mode, using diastolic-
systolic images, non-contrast time-resolved MRA can now
include flow velocity measurements. By tracking the flowing
signal source, even along tortuous vessels, the length of the
vessel segment travelled and divided by the time required for
such travel gives a velocity (either average or mean velocity
over a succession of intervals and/or a succession of specific
velocities if measured between intervals or smaller groups of
intervals). That is, the average of the incremental specific
velocities from one period to the next gives a mean or average
velocity over the longer time period encompassing all of the
images.

[0070] FIG. 7 schematically depicts Time-SLIP non-con-
trast imaging of fluid flows. The selective and non-selective
pulses are represented by differently sized rectangles. As
those in the art will appreciate, by using different BBTT inter-
vals, one can achieve successive images of fluid flows within
arteries, veins, etc., similar to the successive images at differ-
ent time increments described in earlier figures for diastolic-
systolic difference images. As should be apparent, measure-
ment of travelled distances along arteries, veins, etc., and
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dividing by the associated travel times can also produce
velocity measurements using this non-contrast flow imaging
technique.

[0071] FIG. 8 schematically depicts a velocity measure-
ment module of computer program code structure. The mod-
ule may be entered by any suitable means (e.g., by an operator
using mouse clicks on a suitably displayed icon or menu,
finger-actuated inputs on a touch-sensitive screen, keyboard
inputs, etc.) associated with a main or supervisory operating
system or the like.

[0072] At step S01, a slice counter n is initialized with a
value of 1. At step S02, a test is made to see whether an option
has been set for system auto-track of distance measurements
(e.g., by setting a control parameter in a basic setting dialog or
the like to use an automatic machine-implemented distance
tracking algorithm). If so, then the auto-track feature is
engaged at step S03 and a specific velocity SV is calculated
between slices taken at t,,_, and subsequent t,, at step S04.

[0073] If the auto-track feature is not desired, then at step
S05, the path counter p is initialized at a value of 1. Thereafter,
at step S06, a wait loop is executed for the operator to define
a first position. For example, as shown at FI1G. 9, the operator
may move a curser onto the first point P1 (associated with
imaging timet,_,) and click a predetermined mouse button so
as to define a first position on a displayed image of fluid flow
in an artery or the like. A pop-up menu 93 may also be
provided giving the operator a choice of identifying a particu-
lar defined point as being an initial path position, an interme-
diate path position, or an end path position. As depicted, for
example, in FIG. 9, because operator-defined points P1 to P5
have been defined at strategic points along a tortuously curved
vessel (between imaging times t,_, and t,), straight line seg-
ments between the clear points along the path of flow closely
approximate the distance of flow from slice image Sn-1 to
slice image Sn. Once a first position has been defined at step
S06 (in FIG. 8), the path counter P is incremented at step S07
as shown in FIG. 8. Thereafter, a wait loop is executed as
additional positions along the path are defined by the operator
and the path counter is incremented until an end position has
been defined (step S08). At that point, the maximum value for
the path parameter P(max) is defined at step S09 as the current
value of the path counter. The specific velocity SV is then
calculated at step S10 for that increment of flow between
successive slice images Sn and Sn-1.

[0074] Atstep S11, the specific velocity SV (no matter how
calculated) associated with the ending time t,, is then dis-
played, stored or otherwise output (e.g., to a remote site as
may be desired and configured in a preference section of the
system). A travel mean velocity MV is then calculated at step
S12 and, at step S13, is similarly displayed, stored or other-
wise output as may be desired (e.g., as configured before in
the system). At step S14, a test is made to see if the slice
counter has yet reached the end value (i.e., slice Sn(max)). If
not, then the slice counter is incremented at step S15 and
control is passed back either to the decision step S02 as
depicted in FIG. 8 or directly to a re-initialization of the path
counter at step S06 (i.e., if desiring the operator not to operate
the auto-track system). When all ofthe available slice data has
been processed, then exit of this module is taken as depicted
in FIG. 8.

[0075] As depicted in FIG. 10, the specific velocity SV
and/or travel mean velocity MV may be graphically displayed
as a function of time (or slice number or the like).
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[0076]

[0077] The MRI system 100 according to the exemplary
embodiments may further include a display controller that
displays information including the velocity on the display in
at least one of the fluid images and the reference image for
which a difference process with respect to the fluid images is
performed. For example, the MRI system controller 22
includes the display controller (not shown) and the display
controller that the MRI system controller 22 includes controls
the related components. In the exemplary embodiments, the
fluid images collected by the collecting unit are fluid images
collected by, for example, the FBI imaging method or fluid
images collected by the Time-SLIP imaging method, which
are images with high resolution. Because the MRI system 100
according to the exemplary embodiments calculates “veloc-
ity of fluid” as functional information from these high-reso-
lution morphological images, the morphological images
coincide with the source of calculation of function informa-
tion.

[0078] For example, while displaying the morphological
images, the display controller may display and superpose
information on the fluid velocity on the morphological
images. For example, the display controller may perform
displaying (e.g., filling the blood vessels of the lower limbs)
to represent that there is a velocity in a part where a velocity
exists, or displaying (e.g., hatching the blood vessels of the
lower limbs) to represent that there is no velocity in a part
where no velocity exists, on the morphological images in
which vessels of the lower extremity are depicted. Further-
more, for example, while displaying 3D morphological
images, the display controller may display and superpose 2D
fluid video data on the 3D morphological images (for
example, Images 1 to 6 illustrated in FIG. 3 are successively
played).

[0079] According to the magnetic resonance imaging appa-
ratus and magnetic resonance imaging method according to at
least one of the exemplary embodiments, the velocity of the
fluid can be obtained.

[0080] 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
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 apparatus comprising:

[Display]

a collecting unit configured to collect a plurality of fluid
images that are images of a fluid traveling through a
subject;

a specifying unit configured to specify a distance traveled
by the fluid by using a difference image between a ref-
erence image that is one of the fluid images and each
fluid image;

an acquiring unit configured to acquire an elapsed time
corresponding to the traveled distance from pulse
sequence information that is used to collect the fluid
images; and
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a calculating unit configured to calculate a flow velocity of
the fluid by dividing the traveled distance by the elapsed
time.

2. The magnetic resonance imaging apparatus according to
claim 1, wherein the acquiring unit acquires the elapsed time
corresponding to the traveled distance in accordance with a
method of filling a k space used to generate the fluid images.

3. The magnetic resonance imaging apparatus according to
claim 2, wherein the acquiring unit acquires, as the elapsed
time, a BBTT (black-blood time to inversion) time from the
pulse sequence information in a case of centric ordering in
which phase encodes are arrayed from the center of the k
space and the acquiring unit acquires, as the elapsed time, a
value obtained from the pulse sequence information by add-
ing the BBTI time to a time corresponding to half of a phase
encode number in a case of sequential ordering in which
phase encodes are sequentially arrayed in a k space.

4. The magnetic resonance imaging apparatus according to
claim 1, wherein

the acquiring unit acquires the elapsed time for each trav-
eled distance in each fluid image, and

the calculating unit calculates the flow velocity by dividing
an accumulated traveled distance obtained by accumu-
lating each traveled distance by an accumulated elapsed
time obtained by accumulating each elapsed time.

5. The magnetic resonance imaging apparatus according to

claim 1, wherein

the collecting unit collects a plurality of fluid images at
different cardiac phases,

the specifying unit specifies a traveled distance of the fluid
for each of the fluid images at different cardiac phases by
using a difference image between a reference image,
which is a fluid image collected at a reference cardiac
phase, and each fluid image collected at a predetermined
cardiac phase,

the acquiring unit acquires the elapsed time for each trav-
eled distance in each fluid image, and

the calculating unit calculates the flow velocity by dividing
an accumulated traveled distance obtained by accumu-
lating each traveled distance by an accumulated elapsed
time obtained by accumulating each elapsed time.

6. The magnetic resonance imaging apparatus according to

claim 1, wherein

the collecting unit collects a plurality of fluid images,
which are images of a fluid traveling through a subject,
at different phases by performing imaging in which a
spin of the fluid is labeled and then echo signals of the
spin are received after a predetermined time has elapsed
for a plurality of times in which the predetermined time
is changed, and

the specifying unit specifies a distance traveled by the fluid
in each of the fluid images at different phases by using a
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difference image between a reference image, which is a
fluid image collected by imaging in which a labeling is
not performed, and each fluid image collected by imag-
ing in which the labeling is performed,

the acquiring unit acquires the elapsed time for each trav-
eled distance of each fluid image, and

the calculating unit calculates the flow velocity by dividing
an accumulated traveled distance obtained by accumu-
lating each traveled distance by an accumulated elapsed
time obtained by accumulating each elapsed time.

7. The magnetic resonance imaging apparatus according to
claim 1, wherein the collecting unit collects a plurality of fluid
images at different phases by using a Time-SLIP (time-se-
quential labeling inversion pulse) imaging method.

8. The magnetic resonance imaging apparatus according to
claim 1, wherein

the collecting unit collects a plurality of fluid images at
different phases by using a Time-SLIP imaging method
using a FASE (fast asymmetric spin echo) method, and

the acquiring unit acquires, as the elapsed time, a value
obtained from the pulse sequence information by adding
a BBTI time to an effective time to echo (TEeff).

9. The magnetic resonance imaging apparatus according to
claim 1, further comprising a display controller configured to
display information including the flow velocity on a display
in at least one of the fluid images and the reference image for
which a difference process with respect to the fluid images is
performed.

10. The magnetic resonance imaging apparatus according
to claim 1, wherein the specifying unit specifies the traveled
distance by displaying a fluid image on a display and accept-
ing a designation of a position that the fluid has reached.

11. The magnetic resonance imaging apparatus according
to claim 1, wherein the specifying unit specifies the traveled
distance by analyzing the image and tracking a path along
which the fluid travels.

12. A magnetic resonance imaging method that is per-
formed by a magnetic resonance imaging apparatus, the
method comprising:

a collecting step of collecting a plurality of fluid images

that are images of a fluid traveling through a subject;

a specifying step of specifying a distance traveled by the
fluid by using a difference image between a reference
image that is one of the fluid images and each fluid
image;

an acquiring step of acquiring an elapsed time correspond-
ing to the traveled distance from pulse sequence infor-
mation that is used to collect the fluid images; and

calculating step of calculating a flow velocity of the fluid
by dividing the traveled distance by the elapsed time.

* * Ed Ed *
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