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BACKGROUND SUPPRESSION BY TIME
DEPENDENT FLIP ANGLE OF SATURATION
PULSES

FIELD

[0001] The subject matter below relates generally to mag-
netic resonance imaging (MRI), and more particularly to
systems, methods, and computer readable storage medium
for reducing background signal in MRA (magnetic resonance
angiography) images.

BRIEF DESCRIPTION OF THE DRAWINGS

[0002] FIG.11isahigh-level schematic block diagram of an
MRI system, in accordance with one or more embodiments.
[0003] FIG. 2 illustrates a conventional quiescent-interval
single shot (QISS) pulse sequence.

[0004] FIG. 3 illustrates longitudinal magnetizations of
background and venous blood associated with the pulse
sequence shown in FIG. 2.

[0005] FIG. 4 illustrates an example pulse sequence with
optimized saturation RF pulse flip angles for magnetic reso-
nance angiography (MRA), in accordance with one or more
embodiments.

[0006] FIG. 5 illustrates the longitudinal magnetization
associated with the pulse sequence shown in FIG. 4, in accor-
dance with one or more embodiments.

[0007] FIG. 6illustrates techniques for selectively applying
optimized flip angle pulses in accordance with some embodi-
ments.

[0008] FIG. 7 illustrates another example sequence with
optimized flip angles for MRA, in accordance with one or
more embodiments.

[0009] FIG. 8 illustrates a technique for determining flip
angles, in accordance with one or more embodiments.
[0010] FIG. 9 illustrates a flowchart of a method of back-
ground suppression using optimized flip angles, in accor-
dance with one or more embodiments.

[0011] FIG. 10 shows a comparison of MRA images
acquired according to conventional techniques and MRA
images acquired with background suppression using opti-
mized flip angles in accordance with one or more embodi-
ments.

[0012] FIG. 11 shows a further comparison of MR A images
acquired according to conventional techniques and according
to one or more embodiments.

DETAILED DESCRIPTION

[0013] The MRI system shown in FIG. 1 includes a gantry
10 (shown in schematic cross-section) and various related
system components 20 interfaced therewith. At least the gan-
try 101s typically located in a shielded room. The MRI system
geometry depicted in FIG. 1 includes a substantially coaxial
cylindrical arrangement of the static field B, magnet 12, a Gx,
Gy and Gz gradient coil set 14 and a large whole body radio
frequency (RF) coil (WBC) assembly 16. Along the horizon-
tal axis of this cylindrical array of elements is an imaging
volume 18 shown as substantially encompassing a portion of
the body of patient9 supported by a patient table 11. A smaller
array RF coil (AC) 19 might be coupled to a portion of the
patient. The part of patient 9 that is subject to scanning using
RF coil 19 is referred to herein, for example, as “scanned
object” or “object” in imaging volume 18. As those in the art
will appreciate, compared to the WBC (whole body coil),
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relatively small coils and/or arrays such as surface coils or the
like are often customized for particular body parts (e.g., arms,
shoulders, elbows, wrists, knees, legs, chest, spine, etc.).
Such smaller RF coils are herein referred to as array coils
(AC) or phased array coils (PAC). These may include at least
one coil configured to transmit RF signals into the imaging
volume and one or more receiver coils configured to receive
RF signals from an object, such as the part of the patient body
in the example above, in the imaging volume.

[0014] An MRI system controller 22 has input/output ports
connected to a display 24, keyboard 26 and printer 28. As will
be appreciated, the display 24 may be of the touch-screen
variety so that it provides control inputs as well.

[0015] The MRI system controller 22 interfaces with MRI
sequence controller 30 which, in turn, controls the Gx, Gy and
Gz gradient coil drivers 32, as well as the RF transmitter 34
and the transmit/receive switch 36 (if the same RF coil is used
for both transmission and reception). The MRI sequence con-
troller 30 includes suitable program code structure 38 for
implementing MRI imaging (also known as nuclear magnetic
resonance, or NMR, imaging) techniques. The MRI imaging
techniques may include, for example, parallel imaging and/or
other imaging sequences.

[0016] The MRI system 20 includes an RF receiver 40
providing input to data processor 42 so as to create processed
image data, which is sent to display 24. The MRI data pro-
cessor 42 is also configured for access to system configura-
tion parameters 46 and MRI image reconstruction program
code structures 44 and 50. MRI image reconstruction pro-
gram code structures 44 and 50 may, in addition to control
logic for reconstructing MRI images, also include control
logic to obtain MR data from RF coils 16 and/or 19. The MRI
data processor 42 also operates to execute methods, such as,
method 900 shown in FIG. 9 or parts thereof to achieve
improved background suppression in MRI images.

[0017] Although shown in FIG. 1 as being located away
from the RF coils 16 and 19, in some embodiments, any of RF
transmitter 34, transmit/receive switch 36, and RF receiver 40
may be located in close proximity to, or on a surface of, either
or both RF coils 16 and 19.

[0018] Also illustrated in FIG. 1 is a generalized depiction
of an MRI system program store 50 where stored program
code structures (e.g., for image reconstruction, for defining
graphical user interfaces and accepting operator inputs to
same, etc.) are stored in non-transitory computer-readable
storage media accessible to the various data processing com-
ponents of the MRI system. As those in the art will appreciate,
the program store 50 may be segmented and directly con-
nected, at least in part, to different ones of the system 20
processing computers having most immediate need for such
stored program code structures in their normal operation (i.e.,
rather than being commonly stored and connected directly to
the MRI system controller 22).

[0019] Indeed, as those in the art will appreciate, the FIG. 1
depiction is a very high-level simplified diagram of a typical
MRI system with some modifications so as to practice exem-
plary embodiments described hereinbelow. The system com-
ponents can be divided into different logical collections of
“boxes” and typically comprise numerous digital signal pro-
cessors (DSP), microprocessors and special purpose process-
ing circuits (e.g., for fast A/D conversions, fast Fourier trans-
forming, 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
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another upon the occurrence of each clock cycle (or prede-
termined number of clock cycles).

[0020] Not only does the physical state of processing cir-
cuits (e.g., CPUs, registers, buffers, arithmetic units, etc.)
progressively change from one clock cycle to another during
the course of operation, the physical state of associated data
storage media (e.g., bit storage sites in magnetic storage
media) is transformed from one state to another during opera-
tion of such a system. For example, at the conclusion of an
image reconstruction process and/or sometimes a coil sensi-
tivity map generation process, an array of computer-readable
accessible data value storage sites 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 wherein 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 internal physi-
cal structures of a patient 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—as
does aparticular structure of computer control program codes
that, when sequentially loaded into instruction registers and
executed by one or more CPUs of the MRI system 20, causes
a particular sequence of operational states to occur and be
transitioned through within the MRI system.

[0021] Example embodiments described below provide for
using optimized flip angle saturation pulses to achieve
improved background suppression in MRI images. In particu-
lar, exemplary embodiments may improve background sup-
pression for tissue and venous blood in MRA images such as
that obtained in peripheral vascular disease. Embodiments,
including those which utilize double background saturation
and some that apply a single saturation pulse for both tissue
and blood, may yield improved background suppression
compared to conventional approaches.

[0022] Example embodiments described herein may be
applicable for MR imaging of any part of a patient. Some
example embodiments are directed to MR imaging of calf,
knee, iliac, regions. During the scanning process, with the
patient located in the MRI gantry, one or more RF coils, such
as whole body coil 16 and/or array coil 19, may transmit RF
pulses to selected parts of the patient in order to excite nuclear
magnetic resonance (NMR) spins in particular parts of the
patient’s body. For example, array coil 19, which is placed in
the example at an area of the patient’s body (e.g., knee area),
may be used to excite nuclear spins specifically in that area.
Subsequently, MR signals (e.g., echo signals) which are gen-
erated as a result of the earlier excitation are received by one
or more RF receive coils. The transmitting of the RF pulses
and the receiving of the MR signals may be done using the
same RF coil (e.g., RF coil 19 configured for both transmit RF
excitation pulses and receive corresponding MR signals) or
by different RF coils (e.g., WBC 16 is configured to transmit
RF pulses and RF coil 19 is configured to receive correspond-
ing MR signals). In order to generate MRI images that are
used for diagnostic or other purposes, data corresponding to
the received MR signals must be communicated to a control
system, such as a processing system including MRI data
processor 42, for processing.

[0023] Quiescent inflow single-shot (QISS) non-contrast
MRA technique is an emerging non-contrast MR A technique
for peripheral MRA imaging. QISS has been found useful in
diagnosing diseases such as peripheral vascular disease
(PVD). QISS acquires data using a modified electrocardio-
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graphic (ECG)-triggered, fat suppressed, two-dimensional,
balanced steady-state, free precession pulse sequence incot-
porating slice-selective saturation and a quiescent interval for
maximal enhancement of inflowing blood.

[0024] QISS is a 2D multiple slice imaging sequence that
acquires one axial slice per heart beat, typically using 2D
Balanced Steady-State Free Precession (bSSFP) readout. The
QISS sequence is played in the following manner: about 100
ms after an R-wave, a selective 90° saturation pulse is gener-
ated to suppress background tissue signal in the imaged slice;
and a 90° “walking” saturation pulse is generated to suppress
incoming venous blood. A predetermined time interval fol-
lows after the two saturation pulses in order that the imaged
area has fresh blood inflow of arterial blood and arrival at the
more quiescent diastolic phase of the R-R cardiac cycle. This
time interval is referred to as the quiescent interval (QI). After
the QI time, a fat saturation pulse is generated to suppress the
fat signal. Thereafter, a 2D bSSFP readout follows for data
acquisition. FIG. 2 illustrates a conventional QISS pulse
sequence.

[0025] Theinitial two saturation pulses in QISS are played
to suppress background tissue signal and venous blood signal.
However, the background tissue signal in the imaging slice
and the venous blood signal, as they are used in QISS, par-
tially recover before the start of data acquisition due to the QI
time intervening between the generation of the saturation
pulses and the data acquisition readout. FIG. 3 illustrates
typical longitudinal NMR magnetization curves for back-
ground tissue and venous blood during a conventional QISS
pulse sequence. The partial recovery of the background tissue
signal and the venous blood signal prior to data acquisition
leads to some degree of non-suppressed background and vein
signals, and this may affect the diagnostic value of the arterial
blood vessel in the QISS images.

[0026] Moreover, the initial two saturation pulses may
result in a higher than desirable specific absorption rate
(SAR) for the patient, and/or higher induced eddy currents
due to the increased rate of change in time varying gradient
fields (dB/dt), especially for thin imaging slices. Further, the
inflow effect may not be optimized at different scanning
stations of the human body (e.g., flow dependency at upper
and lower body scanning stations). Conventional QISS may
also be susceptible to artifacts due to use of the bSSFP
sequence because bSSFP is more sensitive to field inhomo-
geneities than some other data acquisition sequences.

[0027] FIG. 4 illustrates a pulse sequence for improved
suppression of signals generated by background substance,
such as, for example. venous blood and background tissue, in
accordance with one or more embodiments. The sequence
shown in FIG. 4 may be repeated for each scan interval. A
single slice scan interval is, according to an embodiment, the
time period between two adjacent R-waves. The sequence
shown in FIG. 4 is repeated for each successful slice (the
“walking” venous blood saturations pulse being spatially
repositioned for each successive slice), as MR images of
multiple axial slices of an area of interest (region of interest or
“ROI”) of the object are acquired.

[0028] After a configurable delay interval from the start of
a scan interval, an optimized flip angle imaging slice back-
ground saturation RF pulse and an optimized flip angle
venous blood saturation RF pulse are generated. The two
pulses may be generated in quick succession, and may occur
in any order.
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[0029] A default value for the configurable initial delay
interval from the start of the scan interval can be set at 100 ms.
In embodiments, the configurable interval is set at values
representing the estimated time for theimaged region toreach
a systolic state after the R-wave.

[0030] The optimized flip angle for each RF saturation
pulse may be separately determined. The flip angle is deter-
mined based upon a relevant known T1 recovery curve (e.g.,
T1 recovery curve for tissue, T1 recovery curve for blood,
etc.) and the known time required for the object to reach a
more quiescent state (e.g., diastolic) before obtaining the
MRI data readout.

[0031] An image of a slice is preferably acquired in each
imaging cycle. The optimized flip angle imaging slice back-
ground saturation pulse may be generated in the slice being
imaged, and the optimized flip angle venous blood saturation
pulse is preferably generated in a spatially walking saturation
slab such that venous blood in the walking saturation slab
arrives in the imaging slice after the optimized flip angle
venous blood saturation pulse has been applied.

[0032] After theinitial two saturation pulses are generated,
a second configurable time QI interval is allowed to expire.
The second configurable time interval is set so that fresh
arterial blood that is not saturated is allowed to flow into the
imaged area. During this time interval, the saturated venous
blood also flows into the imaging area.

[0033] Upon the expiration of the second configurable time
period, a fat saturation pulse is generated. Subsequent to the
fat saturation pulse, MR data acquisition is commenced.

[0034] FIG. 5 illustrates background tissue and venous
blood longitudinal NMR magnetizations associated with
embodiments. Upon generation of the saturation pulse, the
longitudinal magnetization is purposefully made initially
lower than 0 (e.g., between 0 and -1). This is in contrast to
conventional QISS techniques in which the 90° saturation
pulses initially produce longitudinal magnetizations of
approximately 0.

[0035] The TIrelaxation time recoveries of the longitudinal
magnetizations are therefore now begun from this initial
value. In embodiments, the initial longitudinal magnetiza-
tions are controlled by the flip angle of the respectfully asso-
ciated RF saturation pulses. The flip angle is determined such
that, given the known T1 recovery rates for background tissue
and venous blood, by the time data acquisition is commenced
(e.g., typically the time when a central k-space line of raw
data is acquired), the longitudinal magnetizations do not
recover to a value substantially greater than 0, but, instead,
arrive at substantially zero magnetization.

[0036] FIG. 6 illustrates techniques for applying optimized
flip angle pulses in accordance with some embodiments. In
the embodiment illustrated in diagram 610, the background
tissue saturation pulse with an optimized flip angle is applied
to the imaging slice, and the venous blood saturation pulse is
applied to a separate area referred to as a walking saturation
slab.

[0037] Note that, as shown in FIG. 6, venous blood V flows
from the peripheries of the body upward in the direction of the
heart. Arterial blood A flows in the opposite direction. Of
course if the imaged area is saturated above the heart, the
directions of arterial and venous blood flows would be
reversed.
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[0038] Thesize ofthe walking saturation slab is determined
such that saturated venous blood either arrives in the imaged
area ROT or is already in the imaged area ROT at the time of
data acquisition.

[0039] The coverage of the walking saturation pulse can be
extended to suppress both background signal and venous
blood signal simultaneously. The imaging plane saturation
pulse can be played together with the extended walking satu-
ration pulse for double BGS (background suppression) or can
be removed. The flip angle of this walking saturation pulse
should be optimized so that the background signal is zero at
the beginning of readout.

[0040] In the embodiment illustrated in diagram 620, the
walking saturation slab size is determined so that it spatially
overlaps the imaging saturation slice. The imaging saturation
pulse is applied to the imaged area, and the venous blood
saturation pulse is applied to the walking saturation slab.
Thus, because both saturation pulses are applied to the
imaged area, there is, in effect. double background tissue
suppression in that area.

[0041] It should be noted that application of consecutive
initial saturation pulses to the imaged slice (as shown in 620)
does not result in doubling the effect on the longitudinal
magnetization. When each saturation pulse is applied, it is
immediately followed by spoiler gradients implemented in
order to destroy transverse magnetization. Therefore, even
when two or more saturation pulses are applied in a back-to-
back manner, its effect on total magnetization is not additive.
[0042] In the embodiment illustrated in diagram 630, too,
the walking saturation slab extends over the imaged slice. In
the embodiment shown in 630, however, only one saturation
pulse is applied. Thus, a single saturation pulse is, in this
embodiment, applied to the venous blood saturation area and
the imaged slice.

[0043] FIG. 7 illustrates another example sequence with
modified flip angles for MRA, in accordance with one or
more embodiments. In the embodiment shown in FIG. 7, a
single saturation pulse with optimized flip angle is applied
(e.g., as spatially depicted in FIG. 6 at 630). The single satu-
ration pulse is applied to the walking saturation slab which
extends over the imaging slice as shown in 630.

[0044] Data acquisition may be performed using any of
several techniques. For example, FASE (sometimes referred
to as “single-shot FSE”) readout is not so sensitive to field
inhomogeneity. FASE read-out thus yields less susceptibility
artifacts (e.g., banding artifacts) in background signals, espe-
cially at the iliac station where air and bone susceptibility
effects are prominent. This is in contrast to bSSFP which is
more sensitive to field inhomogeneities. The bSSFP
sequence, however, yields a relatively higher signal to noise
ratio for blood.

[0045] FIG. 8 illustrates a technique for determining opti-
mized flip angles, in accordance with one or more embodi-
ments.

[0046] The T1 spin lattice relaxation curves are known for
background tissue and blood. The illustrated T1 curve may,
for example, show magnetization recovery between -1 and 1,
such as when recovering after a 180° inversion pulse. Based
upon the requirement that longitudinal magnetization prefer-
ably should be at zero when the MRI acquisition sequence is
begun or when a central line of k-space data (e.g., lowest
frequency k-space data) is acquired, QI (which is denoted (2
in FIG. 8) is preset, usually to value such as 200 ms. From the
above, t1 canthen also be determined as it represents the time
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interval from the start of the scan interval (e.g., an R-wave) to
the time when the at least one initial saturation pulse is gen-
erated.

[0047] Based upon t1 and T1, m1 (which represents longi-
tudinal magnetization immediately after the initial saturation
pulse(s) is (are) applied) 1s determinable.

[0048] The optimum flip angle can then be determined
based upon the determined m1 value.

[0049] The set of equations 8§10 illustrate one technique for
determining an optimized flip angle according to some
embodiments.

[0050] FIG. 9 illustrates a flowchart for a method 900 that
achieves improved background suppression with optimized
flip angles, in accordance with one or more embodiments.
Method 900 may be performed by operations 902-940 in the
order shown, or in another order, and may include one or more
additional operations, or exclude one or more operations 902-
940.

[0051] At operation 902, the patient (e.g.. object) is pre-
pared and setup in the MRI machine for scanning.

[0052] At operation 904, optional preparatory scanning
may be performed. For example, a preparatory scan may, for
example, using cine imaging together with an electrocardio-
gram, identify the cardiac rhythm (e.g., interval between two
R-waves of the ECG cycle) for the patient. The preparatory
scan may, for example, enable determining t1+t2, and/or
enable customizing the t1 and t2 values for each patient. An
option may be to conduct cine-imaging to recognize, among
other things, the occurrence of an R-wave, and/or the time for
the patient (or the patient’s region to be imaged) reach the
diastolic stage. By identifying such parameters for a patient,
the t1 and t2 values may be customized for each patient, fora
more accurate flip angle for the initial saturation pulses that
would result in substantially zero longitudinal magnetization
when the readout begins and/or when the central line of
k-space data is acquired. Customizing t1 and t2 according to
apatient’s heart rate, as discussed above, may be done manu-
ally or automatically. The detection of the scan interval may
be manual and/or fully-automated.

[0053] At operation 906, the optimized flip angles are
determined. Determining the optimized flip angles may be
based upon dynamic calculations, or upon looking up previ-
ously calculated values, or a combination thereof.

[0054] According to one embodiment, the optimized flip
angle for tissue background suppression and the optimized
flip angle for venous blood background suppression are cal-
culated based upon known parameters such as the known T1
curves, known or configured quiescent time intervals, and/or
known time from start of a scan interval to data acquisition. A
technique for calculating an optimized flip angle was
described above in relation to FIG. 8.

[0055] According to another embodiment, the optimized
flip angle values that have been previously calculated and
stored are accessed in order to determine the flip angle to be
used. The previously calculated values may be stored in a
memory local to the MRI machine or at a network location
accessed by a process executing on the MRI machine.

[0056] Besides better background tissue and venous blood
signal suppression example embodiments improve protocol
setting efficiency and reduce SAR and dB/dt, if only the
extended walking saturation pulse is played to suppress both
background tissue and venous signal. The inflow effect is
maximized by optimizing the QI period.
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[0057] At operation 908, a start of a scan interval is auto-
matically detected. The start of the scan interval may be based
upon detecting an R-wave.

[0058] After detection of the start of the scan interval, at
operation 910, the method waits for a first configurable time
interval. The first configurable time interval may be set for the
time taken for the object ROI to reach a systolic state.
[0059] At operation 912, the optimized flip angle saturation
pulse technique to be applied is selected (e.g., based upon
prior operator inputs).

[0060] One of the techniques shown in FIG. 6 may be
selected. The selection may be based, at least in part, upon the
desired level of background suppression, SAR constraints of
the object, and/or other such considerations.

[0061] In some embodiments, technique 610 may be
selected. When technique 610 is selected, an image saturation
slice and a walking saturation slice are determined at opera-
tion 914. Thereafter, at operation 916 the image saturation
pulse with the optimized flip angle is applied to the image
saturation slice. At operation 918, a venous blood suppression
pulse is applied to the walking saturation slab area. The image
saturation pulse and venous blood saturation pulse are
applied to separate areas with no overlap.

[0062] Ifahigh level of background suppression is desired,
then the technique associated with 620 above may be selected
at operation 912. As noted above 620 results in double back-
ground suppression in the imaging slice. When the technique
associated with 620 above is selected, at operation 920, the
size of the imaging slice and the size of the walking saturation
slice are configured. The walking saturation slab is config-
ured to fully overlap the imaging slice. After the slices are
configured, at operation 922, the image saturation pulse with
the optimized flip angle is applied to the image saturation
slice. At operation 924, a venous blood suppression pulse is
applied to the walking saturation slab area.

[0063] Under certain SAR constraints, two separate satu-
ration pulses may not be desirable. Thus, in the event that
SAR constraints are important the technique 630 may be
selected for background suppression.

[0064] When technique 630 is selected, at operation 926,
the walking saturation slab is configured to encompass the
imaging saturation slice. At operation 928, a single saturation
pulse is applied to the entire walking saturation slab. In this
technique, separate pulses for venous blood and tissue are not
applied.

[0065] After any of the three possible paths of execution
from 912, after the one or more saturation pulses are applied,
at operation 930, method 900 waits for a second configurable
time interval. As also noted above, the wait for the second
configurable time interval is referred to as a quiescent interval
QI and may be configured so that the object ROT is estimated
as returned to the diastolic state of a cardiac cycle.

[0066] Insomeembodiments, thesecond configurable time
interval QI is set to a predetermined value. A default value
may be 230 ms. In some embodiments, however, the second
configurable time may be customized for each patient. For
example, based upon the preparatory scan and the patient’s
cardiac cycle determined from the preparatory scan, the aver-
age systolic to diastolic time intervals for the ROI may be
determined, which in turn can be used for determining the
second configurable time interval. The second configurable
time interval may also be customizable from one patient body
in imaging station to another because the speed of blood flow
may differ from one place in the body to another. Customizing
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the second configurable interval to the patient may allow for
maximizing the inflow effect that depends on the interval QI.
The second configurable time interval may be adjusted based
upon the blood flow speed at the body station being imaged.
For example, the QI for lower abdomen, thigh, and calf sta-
tion are different: the faster the blood flow speed, the shorter
the QI period. In a similar manner, some embodiments may
use values customized for each patient for the first config-
urable time interval.

[0067] Upon expiration of the second configurable time
interval, at operation 932, a conventional fat saturation pulse
1s generated. This pulse is for suppressing the fat signal just
prior to data acquisition.

[0068] At operation 934, a readout technique is selected
(e.g., based on previous operations set-up inputs).

[0069] Insome embodiments, bSSFP readout is performed
at operation 936.

[0070] In some other embodiments, FASE readout is per-
formed at operation 938. FASE readout may be advantageous
when field inhomogeneities are present. bSSFP generally
yields a better signal to noise ratio.

[0071] After the MR data acquisition at operations 936 or
938, method 900 proceeds to operation 940 where image
reconstruction (i.e., Fourier transformation of raw k-space
data) can be performed using the acquired MR data.

[0072] FIG. 10 shows a comparison of MRA images
acquired according to conventional techniques and MRA
images acquired with background suppression using opti-
mized flip angles in accordance with one or more embodi-
ments.

[0073] Specifically, in FIG. 10, the top row shows axial
images and the bottom row shows coronal images. The left
column illustrates images acquired using conventional QISS
with 90° flip angles. The right column illustrates images
acquired using one or more embodiments with optimized flip
angles of imaging slice saturation pulse and walk saturation
pulse. The MIP images on the right show better background
suppression and venous signal suppression with optimized
flip angle of imaging slice saturation pulse and walk satura-
tion pulse.

[0074] FIG. 11 shows a further comparison of MR A images
acquired according to conventional techniques and according
to one or more embodiments.

[0075] Coronal maximum intensity projection (MIP)
images at the calf station of a healthy volunteer acquired by 3
different background saturation techniques described in rela-
tion to FIG. 6 are illustrated. The three background suppres-
sion techniques are: A, using the imaging slice saturation for
single background suppression; B, extended walking satura-
tion slab for double background suppression; and C extended
walking saturation slab for background suppression without
imaging slice saturation pulse. The three MIP images are
windowed at the same level. The extended walking saturation
slab B for double background suppression is seen to yield the
clearest image with substantially less background signal.
[0076] The following is an example at 3 Tesla. Assume T1
for background tissue is 1400 MS, T1 forblood is 100 mg, and
the QI time is 220 MS. According to the equations 810, the
optimized flip angle of the imaging plane saturation pulse
should be about 100° and the flip angle of the walking satu-
ration pulse should be about 99°.

[0077] 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.
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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 (MRI) system compris-
ing:

an MRI gantry including a static magnetic field coil, gra-

dient magnetic field coils, at least one radio frequency
(RF) coil configured to transmit RF nuclear excitation
pulses into an imaging volume, and to receive nuclear
magnetic resonance (NMR) RF signals from an object
located in the imaging volume; and

control circuits configured to control gradient magnetic

fields generated by said gradient magnetic field coils,

and to transmit/receive RF signals to and from said at

least one RF coil, the control circuits being configured to

perform operations comprising:

generating, in a selected area of the object, upon expi-
ration of a first time interval from a start of a scan
interval, at least one RF saturation pulse having a flip
angle greater than ninety degrees, the flip angle being
configured so that longitudinal magnetization of
background substance in at least a portion of the
selected area is substantially nulled at a readout time
occurring upon expiry of a second time interval;

generating, during said readout time, an MRI data acqui-
sition sequence for the selected area; and

receiving digital MR data from said at least one RF coil
during the readout time.

2. The MRI system according to claim 1, wherein the
second time interval is configurable and dimensioned to cause
said substantial nulling at a readout time for a central position
of k-space.

3. The MRI system according to claim 1, wherein said at
least one RF saturation pulse comprises both an imaging
plane background saturation pulse and a venous blood sup-
pression pulse, each having flip angles configured to substan-
tially null respectively associated NMR magnetization sig-
nals at a readout time for a central position of k-space.

4. The MRI system according to claim 1, wherein the flip
angle is based upon a predetermined T1 spin lattice relaxation
curve and the second time interval which has been configured
to maximize inflow of fresh arterial blood into an area to be
imaged before said readout time.

5. The MRI system according to claim 4, wherein the first
time interval is configurable and set to a time interval for
reaching a systolic stage of the cardiac cycle in an area to be
imaged, and wherein the second time interval is configurable
and set to a time interval for reaching a diastolic state of the
cardiac cycle in the area to be imaged.

6. The MRI system according to claim 4, wherein the
second time interval is configurable and based at least in part
upon blood flow speed in the selected area to be imaged.

7. MRI system according to claim 1, wherein the at least
one RF saturation pulse comprises:

an imaging slice RF saturation pulse in at least a portion of

the selected area; and
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a venous saturation pulse in a walking saturation slab
located in the selected area contiguous to or overlapped
with said imaging slice.

8. The MRI system according to claim 1, wherein the MRI
data acquisition sequence uses a 2D fast acquisition spin echo
(FASE) technique.

9. A magnetic resonance imaging (MRT) method, compris-
ing:

generate, in a selected area of an object located in an MRI
gantry, upon expiration of a first time interval from a
start of a scan interval, at least one RF saturation pulse
having a flip angle greater than ninety degrees, the flip
angle being configured so that longitudinal magnetiza-
tion of background substance in at least a portion of the
selected area is substantially nulled at a readout time
occurring upon expiry of a second time interval,

generate, during said readout time, an MRI data acquisition
in the selected area; and

receive digital MR data from said at least one RF coil
during the readout time.

10. The MRI method according to claim 9, wherein the
second time interval is configurable and dimensioned to cause
said substantial nulling at a readout time for a central position
of k-space.

11. The MRI method according to claim 9, wherein said at
least one RF saturation pulse comprises both an imaging
plane background saturation pulse and a venous blood sup-
pression pulse, each having flip angles configured to substan-
tially null respectively associated NMR magnetization sig-
nals at the a readout time for a central position of k-space.

12. MRI method according to claim 9, wherein the flip
angle is based upon apredetermined T1 spin lattice relaxation
curve and the second time interval which has been configured
to maximize in flow of fresh arterial blood into an area to be
imaged before said readout time.

13. MRI method according to claim 12, wherein the first
time interval is configurable and set to a time interval for
reaching a systolic stage of the cardiac cycle in an area to be
imaged, and wherein the second time interval is configurable
and set to a time interval for reaching a diastolic state of the
cardiac cycle in the area to be imaged.

14. The MRI method according to claim 13, wherein the
second time interval is configurable and based at least in part
upon blood flow speed in the selected area to be imaged.

15. The MRI method according to claim 9, wherein the at
least one RF saturation pulse comprises:

an imaging slice RF saturation pulse in at least a portion of
the selected area; and

a venous saturation pulse in a walking saturation slab
located in the selected area contiguous to or overlapped
with said imaging slice.

16. The MRI method according to claim 9, wherein the
MRI data acquisition sequence uses a 2D fast acquisition spin
echo (FASE) technique.

17. A non-transitory computer readable storage medium
having stored thereon instructions, that when executed by a
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processor of a magnetic resonance imaging (MRI) system,
causes the MRI system to perform operations comprising:

generating, in a selected area of the object, upon expiration
of a first time interval from a start of a scan interval, at
least one RF saturation pulse having a flip angle greater
than ninety degrees, the flip angle being configured so
that longitudinal magnetization of background sub-
stance in at least a portion of the selected area is sub-
stantially nulled at a readout time occurring upon expiry
of a second time interval,

generating, during said readout time, an MRI data acqui-
sition sequence for the selected area; and

receiving digital MR data from said at least one RF coil
during the readout time.

18. The computer readable medium of claim 17, wherein
said at least one RF saturation pulse comprises both an imag-
ing plane background saturation pulse and a venous blood
suppression pulse, each having flip angles configured to sub-
stantially null respectively associated NMR magnetization
signals at the beginning of the readout time.

19. A magnetic resonance imaging (MRI) system compris-
ing:

an MRI gantry including a static magnetic field coil, gra-
dient magnetic field coils, at least one radio frequency
(RF) coil configured to transmit RF nuclear excitation
pulses into an imaging volume, and to receive nuclear
magnetic resonance (NMR) RF signals from an object
located in the imaging volume; and

control circuits configured to control gradient magnetic
fields generated by said gradient magpnetic field coils,
and to transmit/receive RF signals to and from said at
least one RF coil, the control circuits being configured to
perform operations comprising:

generating, in a selected area of the object, upon expi-
ration of a time interval from a start of a scan interval,
at least one RF saturation pulse having a flip angle
greater than ninety degrees, the flip angle being con-
figured so that longitudinal magnetization of back-
ground substance in at least a portion of the selected
area is substantially nulled when a lowest frequency
of k-space data is acquired for the selected area;

generating, during a readout time, an MRI data acquisi-
tion sequence for the selected area; and

receiving digital MR data from said at least one RF coil
during the readout time.

20. The MRI system according to claim 19, wherein the
lowest frequency of k-space data is acquired for the selected
area at a beginning of the readout time occurring upon expiry
of a second time interval from application of said at least one
RF saturation pulse.
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