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Figure 1

ed with steady state dark blood magnetic resonance imaging MRI
are described. One example method includes controlling an MRI
apparatus to produce a steady state pulse sequence. The example
method may also include controlling the MRI apparatus to generate
radio frequency (RF) energy and magnetic gradients associated
with the steady state pulse sequence. The steady state pulse se-
quence is different from conventional steady state pulses in that it
is characterized by regularly spaced slice selection excitation puls-
es to excite a region to be imaged in an object to be imaged using a
consistent repetition time (TR), a set of readout modules, and a set
of a magnetization preparation modules. A magnetization prepara-
tion module is characterized by gradients associated with imaging
not being active, gradients associated with slice selection being ac-
tive, and RF pulses associated with slice selection being active.
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STEADY STATE DARK BLOOD MAGNETIC RESONANCE IMAGING

COPYRIGHT NOTICE

[0001] A portion of the disclosure of this patent document contains material
that is subject to copyright protection. The copyright owner has no objection to
the facsimile reproduction of the patent document or the patent disclosure as it
appears in the Patent and Trademark Office patent file or records, but otherwise

reserves all copyright rights whatsoever.

BACKGROUND

[6002] In mégnetic resonance imaging (MRI), some received signals may be
useful for imaging a structure (e.g., blood vessel Wall, heart valve). Other
received signals may not be useful for imaging that structure. For example,
signal from a blood vessel wall may be useful for imaging the blood vessel wall
while signal from blood flowing through that blood vessel may not be useful for
imaging the blood vessel wall. Indeed, it may be desirable to suppress signal
from blood ﬂowing {hrOUQh a blood vessel to facilitate acquiring a clear image of
the blood vessel wall. Similarly, it may be desirable to suppress signal from
blood flowing through a heart valve to facilitate acquiring a clear magnetic
resonance (MR) image of the heart valve.

[0003] Several conventional approaches have attempted to image tissue
and/or structures in the presence of flowing blood. These may be referred to as
“dark blood” imaging techniques. In dark blood imaging, signal is received from

‘the structure of interest. However, signal is not received from blood that is near
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the structure of interest or signal that is received from the blood has properties
that make those signals distinguishable from signals from the structure of
interest.

[0004] One previous dark blood imaging technique is described in “Dark-
Blood True-FISP Imaging Using Dual Steady States”, Duerk, et al., Proc. Intl.
Soc. Mag. Reson. Med 11 (2004). This technique involved establishing separate
steady states in and ‘out of a plane of interest.  This technique produced
excellent suppression of inflowing spins and consistent TrueFISP contrast within
a slice. However, the minimum repetition time (TR) of the sequence was
extended by at least 1.5ms .over a standard TrueFISP sequence to permit
inclusion of a slab-selection radio frequency (RF) puise and an extra gradient
area. Another previous technique is described in “A Radial Steady State Free
Precession Approach”, Duerk, et al.,, Proc. Intl. Soc. Mag. Reson. Med. 11
(2004). This technique involved a radial steady state free precession (SSFP)
sequence with random amplitude velocity encoding gradients applied prior to
data acquisition. Thus, a standard TrueFISP sequence was modified by adding
a random bipolar gradient prior to radial SSFP data acquisition in each TR. This
increased the TR.. Thus, previous attempts to produce dark blood (DB) contrast
in steady state Ase’quences have typically lengthened the repetition time (TR)
and/or disturbed the steady state of a slice to be acquired. The longer TR may
introduce and/or exacerbate issues associated with eddy current artifacts,

increased off-resonance banding artifacts, and so on.

[0005] In MRI; different types of contrast can be generated by applying
different radio frequency (RF) and magnetic field gradient pulses to a subject
area. These different types of contrast can be used to distinguish between items.
Additionally, different types of contrast may be available because a subject may
be comprised of different materials. For example, a subject areavmay include
tissue and blood.  The tissue may include fat and water. Different materials to
which different RF and magnetic field gradient pulses are applied may produce
different magnetic resonance (MR) signals. Once again, the different MR signals

may be used to distinguish between items. Dark blood imaging involves either
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acquiring a first type of signal from an item (e.g., blood vessel wall) near blood
and a second type of signal from the blood near the item or acquiring signal from
an item (e.g., heart valve) near blood while preventing the blood near the item
from generating a signal. The blood near an item may not be static. For
example, blood may be flowing in a blood vessel to be imaged.. Similarly, blood
may be moving through a valve to be imaged. Either suppressing the signal from
the blood or making the item to be imaged and the blood near fhe item tovbe“
imaged have different MR signals facilitate acqui‘ring better MR images of the
item to be imaged.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] The accompanying drawings, which are incorporated in and constitute
a part of the specification, illustrate various example systems, methods, and
other example embodiments of various aspects of the invention. It will be
appreciated that the illustrated element boundaries (e.g., boxes, groups of boxes,
or other shapes) in the figures represent ohe exa'mple of the boundaries. One of
ordinary skill in the art will appreciate thatin some examples one element may be
designed es multiple elements or that multiple elements may be designed as one

element. In some exarhples, an element shown as an internal component of |
another element may be implemented as an external corhponent and viee versa.

Furthermore, elements may not be drawn to scale.

[0007] Figure 1 illustrates an example steady state pulse sequence
associated with steady state dark blood MRI.

[0008] Figure 2 illustrates an example method associated with steady state

dark blood magnetie resonance imaging (MRI).

[0009] Figure 3 illustrates an exemple method associated with steady state
dark blood MRI.

- [0010] Figure 4 illustrates an example apparatus assoc:ated with steady state
- dark blood MRI.
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[0011] Figure 5 illustrates an example apparatus associated with steady state
dark blood MRI.

[0012] Figure 6 illustrates an example syétem associated with steady state
dark blood MRI.

[0013] Figure 7 illustrates an example computing environment in which

example systems and methods, and equivalents, may operate.

[0014] Figure 8 illustrates a symmetric gradient associated with image

acquisition and an asymmetric gradient associated with saturation.

[0015] Figure 9 illustrates both anv uninterrupted steady state pulse sequence
associated with saturation of blood and an interrupted steady state pulse

sequence associated with saturation of fat.

[0016] Figure 10 illustrates an imaging slice and related saturation slabs.

DETAILED DESCRIPTION

[0017] EXampIe systems and methods perform dark blood imaging by
producing a modified steady state (e.g., TrueFISP) pulse sequence and acquiring
MR signals in respohse to applying the modified steady state puise sequence to
a subject. A steady state sequence is a field or gradient echo sequence in which
a non-zero steady state develops for components of magnetization. For
example, a non-zero steady state may develop for both transverse and
longitudinal magnetization. A steady state sequence is also a sequence in which
the TR is shorter than the T1 and T2 times of tissue being imaged. In a steady
state sequence, if the RF pulses are close enough together, the MR signal will
nevervcompletely decay and thus spins in the transverse plane may never
completely dephase. Thus, magnetization preparation modules (e.g., saturation,
inversion, tagging) may be incorporated into linear preparation schemes
employed in steady state sequences, including TrueFISP sequences. Since
readout modules may be replaced with pfeparation' modules, TR is not
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increased. This distinguishes example techniques from conventional techniques

that perform additional preparation and/or saturation work and thus increase TR.

[0018] TrueFISP is true, fast imaging with steady state precession. TrueFISP
is a coherent technique that uses a fully balanced gradient waveform. Thus, in a
TrueFISP sequence the gradient areas sum to zero in each TR. See, for
example, gradient areas illustrated in the top half'(symmetric) of Figure 8. In
TrueFISP, image contrast depends on flip angle, T2/T2*/T1, TR, and resonéhce
offset angle. Recall that T1 refers to longitudinal or spin-lattice relaxation, that T2
refers to transverse of spin-spin relaxation, and TR refers to repetition time.
TrueFISP has conventionally been employed for cardiac MRI due to short
imaging times and acceptable contrast between blood and structures including,
for example, the myocardium. Example systems and methods improve bn a
conventional TrueFISP sequence and on. other conventional steady state
sequences fdr dark blood imaging by replacing a readout module in the
sequence with a different typé of module, a magnetization preparation. Since the
magnetization preparation module (e.g., saturation, tagging, inversion) replaces a
readout module, TR is not increased.

[0019] In one example, a steady state pulse sequence readout module is
replaced with a saturation module. 'Duri»ng the saturation module, the gradients
and RF pulses for slice selection of the imaging slice are still played out to
facilitate keeping a slice to be imaged in steady state. However, the gradients
associated with imaging are eliminated and répléced with RF pulses and
gradients that produce slab saturation outside the imagine slice. These gradients
may be non-symmetric about the center of TR. However, the first moment of a
gradient axis over TR is zero to maintain steady state free precession. An
example non-symmetric gradient is illustrated in the bottom half (non-symmetric)
of Figure 8.

[0020] In one example, saturation modules may be paired to facilitate
minimizing, for example, eddy current artifacts.  In other examples, a readout

module may be replaced with an inversion module, with a partial inversion
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module, with a tagging module, and so on. Recall that a readout module may
include a phase encoding and readout gradient. A saturation module may
include RF pulses that excite and, in conjunctioh with gradients, dephase
magnetization in regions (e.g., slabs) near an imaging slice. Thus, in a saturation
module, a gradient is on at the-same time as RF is on. This is illustrated in
Figure 1, which is a pulse sequence diagram of an example modified TrueFISP
puise sequence. Figure 1 is described in greater detail below. One skilled in the
art will appreciate that non-linear phase RF pulses rha'y be erhployed to
maximize dephasing for saturation slab excitation. In this example, the slice

select gradient may be symmetric about the center of TR.

[0021] MR images are typically acquired in a series of slices. A portion of a
'region of interest (e.g., blood vessel wall, valve) may be what a viewer wants to
image in a slice. However blood may flow into the slice being imaged from slices
adjacent to the slice being imaged. For example, in an axial slice, blood may
flow into the slice being imaged from slices both above and below the slice being
imaged.. Figure 10 illustrates this concept. Figure 10 depicts a relation of two
saturation slabs to an imaging slice(s). It may be desired to image slice 10.
However, blood may flow into slice 10 from saturation slab 12 and/or saturation
slab 14. If untreated, spins arriving from saturation slabs 12 and/or 14 may
compromise the quality of an image of slice 10. Thus, one or both 6f saturation
slabs 12 and 14 can be applied to suppress signél from blood flow coming from |
above and/or below the slicé to be imaged. In one example, the thickness (e.g.,
t1, t2) of the saturation slabs 12 and/or 14 and the gaps (e.g., g1, 92) from the
saturation slabs 12 and 14 to the imaging slice 10 can be freely controlled.
Rectangles 16 and 18 represent hypothetical blood vessels with blood flow
coming from above and below the imaging slice 10. Due to the saturation
modules applied in the modified steady state pulse sequence, the blood signal is
attenuated as it flows through the imaging slice 10. While slices and slabs are
described, more generally saturation may occur in a saturation region. Similarly,

“magnetization preparation” and imaging may occur in regions.
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[0022] Consider an axial slice. Example systems and methods facilitate
performing dark blood preparations in regions outside an imaging slice to
suppress signals from blood entering the imaging slice from above and/or below.
Example systems and methods may also facilitate performing dark blood
preparations in preparation regions (e.g., slices, slabs) having other orientations,
where the orientation may depend, at least in part, on the orientation (e.g.,
coronal, longitudinal, axial) of the slice being imaged. In one example, dark
blood preparations may be performed using saturation moduleé that replace
readout modules in an improved steady state (e.g., TrueFISP) sequence. In
different examples, different parameters associated with a saturation slice can be
configured. Configurable parameters may include, for example, the position of a
saturation slice relative to an imaging slice, the thickness of the saturation slice,
- and so on. The frequency .of magnetization preparation may vary duﬁng an
acquisition depending on the location being encoded in k-space. The ratio of

readout modules to saturation modules may also be configurable.

[0023] While TrueFISP has been described above, one skilled in the art will
appreciate that readout modules in other steady state sequences may also be
replaced with other magnetization preparation modules (e.g., saturation,
inversion, tagging) ‘to improve imaging. These steady state sequences include,
for example, FLASH (Fast Low Angle Shot), FISP (fast imaging steady. state
precession), PSIF (a gradient reversed form of FISP), and so on.

[0024] While a blood vessel wall and a heart vélve have been described, one
skilled in the art will appreciate that example systems and methods may have
other applications. For example, a steady state imaging pulse sequence using a
readout module substituted with a magnetization prepération module may be
employed in cardiac imaging, vessel wall imaging, vascular intervention, vascular -
imaging, and other applications where there is fluid motion in a region to be
imaged. Cardiac imaging may include imaging, for example, for Wall motion
abnormalities, for fatty infiltration, for valve defects, and so on. ‘Vessel 'waII
imaging may include imaging, for example, for atherosclerosis, for vasculitis, for

- dissection, and so on. Vascular intervention imaging may include imaging, for
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example, for catheter guidance, for pulmonary vein ablations, for stem cell
delivery, and so on. Vascular imaging may include imaging, for example, for
peripheral artéry disease, for indicia of stroke, for arteriovenous malformations,
and so on. Imaging for fluid motion may include imaging, for example, for
cerebrospinal fluid motion, for urine motion, for hydraulic fluid motion, and so on.
One skilled in the art will appreciate that the imaging may include both
conventional “in the bore” MRI With surface coils and high resolution catheter

based imaging.

[0025] The following includes definitions of selected terms employed herein.
- The definitions include various examplés and/or forms of components that fall
within the scope of a term and that may be used for implementation. The
examples are not intended to be limiting. Both singular and plural forms of terms

may be within the definitions.

[0026] References to “one embodiment”, "an embodiment”, “one example’,
“an example’, and so on, indicate that the embodiment(s) or example(s) so
described may include a particular feature, structure, characteristic, property,
element, or limitation, but that not every embodiment or example necessarily
includes that particular feature, structure, chéracteristic, property, element or
limitation. Furthermore, repeated use of the phrase “in one embodiment” does
" not necessarily refer to the same embodiment, though it may.

[0027] ASIC: appliéation specific integrated circuit.

[0028] CD: compact disk.

[0029] CD-R: CD recordable.

[06030] - CD-RW: CD fewriteéble.

[0031] DVD: digital versatile disk and/or digital video disk,
[0032] | HTTP: hypertext transfer protocol.

[0033] LAN: local area network.

[0034] PCI: peripheral component interconnect.
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[0035] PCIE: PCI express.

[0036] RAM: random access memory.

- [0037] DRAM: dynamic RAM.

[0038] SRAM: synchronous RAM.

[0039] ROM: read only memory.

[0040] EEPROM: electrically erasable PROM.
[0041] USB: universal serial bus.

[0042] WAN: wide area network.

[0043] “Computer component”, as used herein, refers to a computer-related
entity (e.g., hardware, firmware, software in execution, combinations thereof).
Computer components may include, for éxample, a process running on a
processor, a processor, an object, an executable, a thread of execution, and a
computer. A computer component(s) may reside within a process and/or thread.
A computér component may be localized on one computer and/or may be
distributed between multiple computers.

[0044] “Computer communication”, as used herein, refers to a communication
between computing devices (e.g., computer, personal digital assistant, cellular
telephone) and can be, for example, a network transfer, a file transfer, an applet
transfer, an email, an HTTP transfer, and so on. A computer communication can
occur across, for example, a wireless syétem (e.g., IEEE 802.11), an Ethernet
system (e.g., |IEEE 802.3), a token ring system (e.g., IEEE 802.5), a LAN, a
WAN, a point-to-point system, a circuit switching .system, a packet switching
system, and so on.

[0045] “Computer-readable rhedium”, as used herein, refers to a medium that
stores signals, instruétions and/or data. A computer-readable medium may take
forms, including, but not limited to, non-volatile media, and volatile media. Non-
volatile media may include, for example, optical disks, magnetic disks, and so on.

Volatile. media may include, for example, semiconductor memories, dynamic
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memory, and so on. Common forms of a computer-readable medium may
include, but are not limited to, a floppy disk, a flexible disk, a hard disk, a
magnetic tape, other magnetic medium, an ASIC, a CD, other optical medium, a
RAM, a ROM, a memory chip or card, a memory stick, and other media from

which a computer, a processor or other electronic device can read.

[0046] In some examples, “database” is used to refe‘r to a table. In other
examples, “database” may be used to refer to-a set of tables.. In still other
examples, “database” may refer to a set of data stores and methods for

accessing and/or manipulating those data stores.

[0047]  “Data store”, as used herein, refers to a physical and/or logical entity
that can store data. A data store may be, for example, a database, a table, a file,
a data structure (e.g. a list, a queue, a heap, a tree) a memory, a register, and so
on. In different examples, a data store may reside in one logical and/or physical
entity and/or may be distributed between two or more logical and/or physical
entities.

[0048] “Logic”, as used herein, includes but is not limited to hardware,
firmware, software in execution on a machine, and/or combinations of each to |
perform a function(s) or an action(s), and/or to cause a function or action from
another logic, method, and/or system. Logic may include a software controlled
microprocessor, a discrete logic (e.g., ASIC), an analog circuit, a digital circuit, a
programmed logic device, a memory devicé containing instructions, and so on.
Logic may include one or more gates, combinations of gates, or other circuit
components. Where multiple logical logics are described, it may be possible to
incorporate the multiple Iogiéal‘ logics into one physical logic. Similarly, where a
single logical logic is described, it may be possible to distribute that single logical

logic between multiple physical logics.

[0049] An “operable connection”, or a connection by which entities are
“operably connected”, is one in which signals, physic_:al communications, and/or
logical communications may be sent and/or received.. An operable connection

may include a physical interface, an electrical interface, and/or a data interface.

10
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An operable connection may include differing combinations of interfaces and/or
connections sufficient to allow operable control. For example, two entities can be
operably connected to communicate signals to each other directly or through one
or more intermediate entities (e.g., processor, operating system, logic, software).
Logical and/or physical communication channels can be used to create an
operable connection.

- [0050] “Software”, as used herein, includes but is not limited to, one or more
executable instruction that cause a computer, processor, or other electronic
device to perform funcﬁons, actions and/or behave in a desired manner.
“Software” does not refer to stored instructions being claimed as stored
instructions per se (e.g., a program listing). The instructions may be embodied in
various forms including routines, algorithms, modules, methods, threads, and/or

programs including separate applications or code from dynamically linked
libraries.

[0051] “User”, as used herein, includes but is not limited to one or more

persons, software, logics, computers or other devices, or combinations of these.

[0052] Figure 1 illustrates a display 100 of RF pulses, gradients, ahalog to
digital converter signals, and numeri'cally controlled oscillator signals associated
with an example TrueFISP pulse sequence associated with steédy' state dark
blood MRI. Display 100 can be divided vertically into'columns corresponding to a
readout module 110, a readout module 120, a magnetization preparation module
130, a magnetization preparation module 140, a readout module 150, and a
readout module 160. Display 100 can also be divided horizontally into an RF
signal data portion 180, a z-gradient portion 170, an x-gradient portion 172, a y-
gradient portion 174, an ADC signal data portion 176, and a numerical crystal
oscillator portion 178.

[0053] One skilled in the art will understand the difference between the steady

state pulse sequence illustrated in display 100 and previous pulse sequences.
The pulse sequence includes readout modules 110, 120, 150, and 160 and
magnetization preparation modules 130 and 140. One skilled in the art will

11
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distinguish the presence of modified gradients and additional RF pulses during
magnetization preparation modules 130 and 140 along with the absence of
gradients associated with imaging. Thus, one skilled in the art wil'l appreciate
that the magnetization preparation modules 130 and 140 may be used, for
example, to saturate spins in a slice outside a slice to be imaged during readout
modules 150 and 160. One skilled in the art will readily contrast the regularly
spaced TRs in the pulse sequence in display 100 from the irregularly spaced TRs
and inconsistent TRs associated with other methods. This contrast is made clear

in figure 9.

[0054] Figure 9 illustrates an uninterrupted steady state pulse sequence 900
and an interrupted steady state pulse sequence 010. The uninterrupted
sequence 900 includes readout modules 902 and 908 along with dark blood
modules 904 and 906. The dark blood modules may be, for example, saturation
modulés. Note the regularly spaced TVR'svand the ‘consistently sized TRs.
Compare this to interrupted sequence 910, which includes readout modules 912
and 916 and a saturation module 914. Sequence 910 clearly does not include

regularly spaced TRs and does not include consistently sized TRs.

[0055] Some portions of the detailed descriptions that follow are prese‘nted in
terms of algorithms and symbolic representations of operations on data bits
within a memory. These algorithmic descriptions and representations are used
by those skilled in the art to convey the substance of their-work to others. An
algorithm, here and generally, is conceived to be a sequence of operations that
produce a result. The operations may include physical manipulations of physical
quantities. Usually, though not necessarily, the physical quantities take the form
of electrical or magnetic signals capable of beihg stored, transferred, combined,
compared, and otherwise manipulated in a logic, and so on. The physical

manipulations create a concrete, tangible, useful, real-world result.

[0056] It has proven convenient at times, principally for reasons of common
usage, to refer to these signals as bits, values, elements, symbols, characters,
terms, numbers, and so on. It should be borne in mind, however, that these and

12



WO 2010/030657 PCT/US2009/056350

similar terms are to be associated with the appropriate physical quantities and
are merely convenient labels applied to thesé quantities. Unless specifically
stated otherwise, it is to be appreciated that throughout the description, terms
including processing, computing, determining, and so on, refer to actions and
processes of a computer system, logic, processor, or similar electronic device
that manipulates and transforms data represented as physical (electronic)
quantities.

[0057] Example methods may be better appreciated with reference to flow
diagrams. For purposes of S|mpIICIty of explanation, the illustrated
methodologies are shown and described as a series of blocks. However, it is to
be appreciated that the methodologies are not limited by the order of the blocks,
as some blocks can occur in different orders and/or concurrently with other
blocks from that shown and described. Moreover, less than all the illustrated
blocks may be required to implement an example methodology. Blocks may be
combined or separated into multiple components. Furthermore, additional and/or .

alternative methodologies can employ additional, not illustrated blocks.

[0058] Figure 2 illustrates an example method 200 associated with steady -
state dark blood MRI. - Method 200 may include, at 210, controlling an MRI
apparatus fo produce a steady state pulse sequence. The steady state pulse
sequence is different from conventional pulse sequences. The steady state
pulse sequence is characterized by at least three attributes. First, the steady
state pulse sequence includes regularly spaced slice selection excitation pulses
to excite a region to be imaged in the object to be imaged using a consistent
repetition time (TR). Second the steady state pulse sequence includes a readout
module. Third, the steady state pulsé sequence includes a magnetization
preparation module. The inclusion of this magnetization preparation module
without increasing TR that provides one distinctioh over conventional sequences.
During a magnetization preparation module a gradient associated with imaging is
not active, a gradient associated with slice selection is active, and RF pulses

assocnated with slice selection are active.

13
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[0059] In one example, the magnetization preparation module is a s_aturation
module. During the saturation module the method 200 includes, at 210,
producing a pulse sequence that is to control production of a gradient associated
“with slice selection and RF pulses associated with slice selection to excite a set
of saturation regions located outside the region to be imaged. These regions
may be slabs, slices, and so on, where spins that may flow into a region to be
imaged are located. Since flow rates may vary, the location, size, and/or
orientation of the regions may be configurable. The TrueFISP pulse sequence
may be paired to avoid eddy currents. Thus, in one example the steady state
pulse sequence may include a repeating pattern of an even number of
con_secuﬁve readout modules followed by an even number of magnetization
preparation sequences. In a non-pairing example, gradient pre-compensation or

gradient design may mitigate eddy currents.

[0060] In one example, method 200 includes, at 210, causing the frequency of
the saturation modules to change during acquisition to vary the amount of
saturation in relation to the region in k-space being encoded during the
surrounding readout modules. For example, the composition of the pulse

sequences may be changed to apply a relatively larger number of saturation
| modules near the contrast determining center of k-space and to apply a relatively
smaller number of saturation modules hear the resolution determining outer -
region of k-space. While a saturaﬁon module has been described, it is to be
appreciated that a tip angle associated with the magnetization preparation
module need not be 90 degrees. In some examples, a non 90 degree tip angle
may be employed to cause magnetization to traverse a null point during
subsequent readout modules. |

[0061] While a saturation module has been described, it is to be appreciated
that there may be different types ofv magnetization preparation modules. For
example, the magnetization preparation-module may be an inversion module, a
tagging module, and so on. Thus, in one example, method 200 may include
producing, at 210, a pulse sequence that will, at 220, control an MR gradient, and

RF pulses to produce two different excitations in two different sets of spins during
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the tagging module. The first excitation may be produced in spins associated
with an item that is moving in an imaging region. A second excitation may be
produced in spins that are associated with an item that is substantially static in
the imaging region.

[0062] Method 200 may also include, at 220, controlling the MRI apparatus to
generate radio frequency (RF) energy and magnetic gradients associated with
the steady state pulse sequence produced at 210. Signals from which an MR
image of the object to be imaged can be reconstructed are to be acquired during
a readout module. The signals from which an MR image can be reconstructed
are generated in response to the MRI apparatus generating the RF pulses and
gradients at 220. The RF energy and magnetic gradients may comport with
different steady state pulse seduences. In different embodiments the steady
‘state pulse sequence may be, for. example, a TrueFISP sequence, a FLASH
sequence, a FISP sequence, a PSIF sequence, and so on. '

[0063] Controlling the MRI apparatus at 220 may include controlling gradients
during a magnetization preparatioh module. The gradients may be controlled to
be non-symmetrie gradients as illustrated in both figure 1 and figure 8. Figure 8
illustrates a symmetric gradient 800 and a non-symmetric gradient 810.
Symmetric gradient 800 may be produced during a readout module.  Anti-
symmetric gradient 820 may be produced during a magnetization preparation
(e.g., saturation) module. One skilled in the art will appreciate that a readout
module may include phase enCodihg gradients that are anti-syrﬁmetric as well as
readout and slice select gradients that are symmetric. One skilled in the art will
also appreciate that a magnetization preparation module may also include both

symmetric and non-symmetric gradients.

[0064] While Figure 2 illustrates various actions occurring in serial, it is to be
appreciated that various actions illustrated in Figure 2 could occur substantially in
parallel. By way of illustration, a first process could produce a pulse sequence
end a second process could control an MRI apparatus based, at least in part, on

the pulse Sequence. Since the pulse sequence may vary as described above,
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the first process may be filling a pulse sequence data store while the second
process is emptying that pulse sequence data store. While two processes are
described, it is to be appreciated that a greater and/or lesser number of
processes could be employed and that lightweight processes, regular processes,
- threads, and other approaches could be employed.

[0065] In one example, a method may be implemented as computer
executable instructions. Thus, in one example, a computer-readable medium
may store computer executable instructions that if executed by a machine (e.g.,
processor) cause the machine to perform the methods described and claimed

herein.

[0066] Figure 3 illustrates a method 300 associated with steady state dark
blood MRI. Method 300 includes several actions similar to those described in
connection with method 200 (Figure 2). For example, method 300 includes
contrblling an MRI apparatus to produce a steady state pulse sequence at 310,
and controlling an MRI apparatus to generate RF and gradients at 320.

However, method 300 may include additional actions.

[0067] Method 300 may include, at 330, controlling the MRI apparatus to
receive an MR signal from an object to be imaged in response to being exposed
to the stéady state pulse sequenée. Note that signal is not received during the
magnetization preparation modules as evidenced in figure 1 by the absence of
the analog to digital controller being active during the illustrated séturation
module. Thus, the MRI apparatus may be controlled to receive the MR signal
during readout modules. but not during magnetization preparation (e.g.,
safufation) modules.

[0068)] Method 300 may also include, at 340, controlling the MRI apparatus to
reconstruct an MR image from MR signal from a readout module. One skilled in
the art will appreciate that various reconstruction a.pproaches may be.employed
to reconstruct an image.
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[0069] Method 300 may also include, at 350, controlling the MRI apparatus to
display the MR image on a display. Thus, a concrete, tangible, real-world resuit
is produced by the output of the reconstructed MR image on the display.

[0070] Figure 4 illustrates an apparatus 400 associated with steady state dark
blood MRI. Apparatus 400 includes a pulse logic 410 and an output logic 420.
Pulse logic 410 is to pro‘duce a steady state pulse sequence that includes a set
of readout modules and a set of magnetization preparation modules. Output -
logic 420 is to produce radio frequency (RF) energy and magnetic gradients

associated with the steady state pulse sequence.

[0071] The steady state pulse sequence produced by pulse logic 410 is
. different from conventional steady sate pulse séquences. For example, the
steady state pulse sequence includes regularly spaced in time slice selection
excitation pulses to excite a region to be imaged in an object to be imaged using
a consistent repetition time (TR), a readout module, and a magnetization
preparation module. The magnetization preparation module facilitates preparing
spins that may havevpreviously contributed unwanted signal to an image .to not
provide that signal during a readout module in the steady state pulse sequence.
This type of magnetization preparation may be achieved by having pulse logic
410 produce a steady state pulse sequence that controls output logic 420 during
a magnetization preparation module to deactivate a gradient associated with
magnetic reéonance (MR) imaging, to activate RF pulses associated with' slice
selection, and to activate gradients associated with slice selection  and
dephasing. -

'[0072] Pulse logic 410 can produce a steady state pulse sequence that has
different types of magnetization preparation modules. These magnetization
preparation modules may include a saturatioh module, an inversion module, and
a tagging module. A saturation module may be produced by having output Io’gic
420 control a gradient associated with region selection and control RF puises

associated with region selection to excite a set of saturation regions located
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outside the region to be imaged. These are regions in which spins associated
with blood flowing into the region to be imaged may be located.

[0073] Figure 5 illustrates an apparatus 500 associated with steady state dark
blood MRI. Apparatus 500 includes items similar to those described in
connection with apparatus 400 (Figure 4). For example, apparatus 500 includes
a pulse logic 510 and an output logic 520. Howéver, apparatus 500 may include
additional elements. For example, apparatus 500 includes a reconstruction logic
530. Reconstruction logic 530 is to reconstruct an MR image from signals
received from the object to be imaged in response to the steady state pulse
sequence. For example, reconstruction logic 530 may reconstruct an image of a
blood vessel wall based on signals received from the blood vessel wall. The
image may be superior to conventional images because signal frdm blood
flowing in the. blood vessel may be reduced due to saturation of regions (e.g.,
slabs, slices) outside the region to be imaged. The blood near the blood vessel
wall at the time of imaging may have been located in the regions outside the
reg‘ion to be imaged when saturated and thus may contribute no signal in the

region to be imaged at a later point in time.

[0074]  Figure 6 illustrates an example MRI apparatus 600 configured with a
pulse apparatus 699 to facilitate dark blood imaging}. The pulse apparatus 699
- may be configured with elements of example apparatus described herein and/or

may perform example methods described herein.

[0075]  The apparatus 600 includes a basic field magnet(s) 610 and a basic
field magnet supply 620. ldeally, the basic field magnets 610 would produce a
uniform By field. However, in practice, the By field may not be uniform, and 'may
vary over an object being imaged by the MRI apparatus 600. MRI apparatus 600
may include. gradient coils 630 configured to emit gradieht magnetic fields like
Gs, Gp and Gr. The gradient coils 630 may be,controlled, at least in part, by a
gradient coils supply 640. In some examples, the timing, stréngth, and
orientation of the gradient magnetic fields may be controlled; and thus selectively
adapted during an MRI procedure. |
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[0076] MRI apparatus 600 may include a set of RF antennas 650 that are
configured to generate RF pulses and to receive resulting magnetic resonance
signals from an object to which the RF pulses are directed. In some examples,
how the pulses are generated and how the resulting MR signals are received
may be controlled and thus may be selectively adapted during an MRI procedure.
Separate RF transmission and reception coils can be employed. The RF
antennas 650 may be controlled, at least in part, by a set of RF transmission
units 660. An RF transmission unit 660 may provide a signal to an RF antenna
650.

[0077] The gradient’coils supply 640 and the RF transmission units 660 may
be controlled, at least in part, by a control computer 670. In one example, the
control computer 670 may be programmed to control an MRI device as described
herein. The magnetic resonance signals reCeived }from the RF antennas 650 can
be employed to generate an image and thus may be subject to a transformation
process like a two dimensional fast Fourier transform (FFT) that generates
pixilated image data. The transformation can be performed by an image
computer 680 or other similar processing device. The image data may then be
shown on a display 690. While Figure 6 illustrates an example MRI apparatus
600 that includes various components connected in various ways, it is to be
appreciated that other MRI apparatus may include other components connected

in other ways.

[0078] Figure 7 illustrates an example computing device in which example
systems and methods described herein, and equivalents, may operate. The
example computing device may be a computer 700 that includes a processor
702, a memory 704, and'input/oUtput ports 710 operably connected by a bus
708. In one example, the computer 700 may include a pulse sequence logic 730 '
configured to facilitate producing a modified steady state sequence which in turn
facilitates superidr dark blood MRI. In different examples, the Iogic 730 may be
implemented in hardware, software, firmware, and/or combinations thereof.
While the logic 730 is illustrated as a hardware component attached to the bus
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708, it is to be appreciated that in one example, the logic 730 could be
implemented in the processor 702.

[0079] Thus, logic 730 may provide means (e.g., hardware, software,
firmware) for generating a steady state pulse sequence. The steady state pulse
sequence may have regulérly spaced slice selection excitation pulses to excite a
region to be imaged in an object to be imaged using a consistent repetition time
(TR). The steady state pulse sequence may also have a readout module and a
magnetization preparation module. During a magnetization preparation module a.
gradient associated with MR imaging is not active, a gradient associated with
slice selection is active, and RF pulses associated with slice selection are active.
Signal from which an MR image can be reconstructed is to be acquired from the
object to:be imaged during a readout module. Logic 730 may also provide
means (e.g., hardware, software, firmware) for applying the steady state pulse
~ sequence to an object to be imaged. Logic 730 may also provide means (e.g.,
hardware, software, firmware) for reconstructing a magnetic resonance image
from signals acquired from the object to be imaged in response to appiying the
steady state pulse se-quence. The means associated with logic 730 may be
implemented, for example, as an ASIC programmed to control an MRI apparatus.
The means may also be implemented as computer executable instructions that
are presented to computer 700 as data 716 that are temporarily stored in.

memory 704 and then executed by processor 702 to control an MRI apparatus.

[0080]  Generally describing an example configuration of the computer 700,
the processor 702 may be a variety of various processors including dual
microprocessor and other multi-processor architectures. A memory 704 may
include volatile memory and/or non-volatile memory. Non-volatile memory may
include, for example, ROM, PROM, and so on. Volatile memory may include, for
exarhple, RAM, SRAM, DRAM, and so on.

[0081] A disk 706 may be operably connected to the computer 700 via, for
example, an input/output interface (e.g., card, device) 718 and an input/output
port 710. The disk 706 may be, for example, a magnetic disk drive, a solid state
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disk drive, a floppy disk drive, a tape drive, a Zip drive, a flash memory card, a
memory stick, and so on. Furthermore, the disk 706 may be a CD-ROM drive, a
CD-R drive, a CD-RW drive, a DVD ROM drive, a Blu-Ray drive, an HD-DVD
drive, and so on. The memory 704 can store a process 714 and/or a data 716,
for example. The disk 706 and/or the memory 704 can store an operating

system that controls and allocates resources of the computer 700.

[0082] The bus 708 may be a single internal bus interconnect architecture
and/or other bus or mesh architectures. While a single bus is illustrated, it is to
be appreciated that the computer 700 may communicate with various devices, '
logics, and peripherals using other busses (e.g., PCIE, 1394, USB, Ethernet).
The bus 708 can be types including, for example, a memory bus, a memory

controller, a peripheral bus, an external bus, a crossbar switch, and/or a local
bus.

[0083] - The computer 700 may interact with input/output devices via the i/o
interfaceé 718 and the ihput/output ports 710. Input/output devices may be, for
example, a keyboard, a microphone, a pointing and selection device, cameras,
video cards, displays, the disk 706, the network devices 720, and so on. The
input/output ports 710 may include, for example, serial ports, parallel ports, and
. USB ports.

[0084] The computer 700 can operate in a network environment and thus may

" be connected to the network devices 720 via the i/o interfaces 718, andfor the ilo
ports 710. Through the network devices 720, the computer 700 may interact with
a network. Through the network, the computer 700 may be logically connected
to remote computers. Networks with which the computer 700 may interact -

include, but are not limited to, a LAN, a WAN, and other networks.

[0085] While example systems, methods, and so on have been illustrated by
describing examples, and while the examples have been described in
considerable detail, it is not the intention of the applicants to restrict of inany way
limit the scope of the appended claims to such detail. It is, of course, not

possible to describe every conceivable combination of components or
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methodologies for purposes of describing the systems, methods, and so on
described herein. Therefore, the invention is not limited to the specific details,
the representative apparatus, and illustrative examples shown and described.
Thus, this application is intended to embrace alterations, modifications, and

variations that fall within the scope of the appended claims.

[0086]  To the extent that the term “includes” or “including” is employed in the
detailed description or the claims, it is intended to be inclusive in a manner
similar to the term “comprising” as that term is interpreted when employed as a
transitional word in a clairh.

[0087]  To the extent that the term “or” is employed in the detailed description
or claims (e.g., A or B) it is intended to-mean “A or B or both”. When the
applicants intend to indicate “only A or B but not both” then the term “only A or B
but not both” will be employed. Thus, use of the term “or” herein is the inclusive,
and not the exclusive use. See, Bryan A. Garner, A Dictionary of Modern Legal
Usage 624 (2d. Ed. 1995).

[0088] To the extent that the phrase “one or more- of, A, B, and C” is
employed herein, (e.g., a data store configured to store one or more of, A, B, and
C) it is intended to convey the set of possibilities A, B, C, AB, AC, BC, ABC,
AAA, AAB, AABB, AABBC, AABBCC, and so on (e.g., the data store may store
- only A, only B, only C, A&B, A&C, B&C, A&B&C, A&A&A, A&A&B, A&A&BA&B,
A&A&B&BS&C, A&A&B&B&C&C, and so on). lt is not intended to require one of
A, one of B, and one of C. When the applicants intend to indicate “at least one of
A, at least one of B, and at least one of C”, then the phrasing “ét least one of A,

at least one of B, and at least one of C” will be employed.
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Claims

What is claimed is:

1. A computer-readable medium storing computer-executable instructions
that when executed by a computer cause the computer to perform a method, the
method comprising: '
controlling a magnetic resonance imaging (MRI) apparatus to produce a
steady state pulse sequence; and |
controlling the MRI apparatus to generate radio frequency (RF) energy
and magnetic gradients associated with the steady state pulse sequence;

where the steady state pulse sequence is characterized by:

regularly spaced in time slice selection excitation pulses to excite a
region to be imaged in the object to be imaged using a consistent
repetition time (TR), | »

a readout module, and

a magnetization preparation module,

where during a magnetiz.ationvp‘reparation module a gradient

—-associated with imaging is not active, a gradient associated with slice

selection is active, and RF pulses aésociated with slice selection are
active, and |

where signals from which an MR image of the object to be imaged

can be reconstructed are to be acquired during a readout module.

2.  The computer-readable medium of claim 1, where the magnetization
preparation module is a saturation module during which the method includes
controlling production of a.gradient associated with slice selection and RF pulses
associated with slice selection to excite a set of saturation regions located

outside the region to be imaged.
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3. The computer-readable medium of claim 2, where the set of saturation |
regions includes an even number of regions and where the steady state pulse

sequence includes an even number of saturation modules.

4. The computer-readable medium of claim 1, where the method includes
controlling the frequency of the magnetization preparation modules to change
during acquisition to vary the amount of saturation preparation in relation to the

position being encoded in k-space in an adjacent readout module.

5. The computer-readable medium of claim 1, where the steady state puise
sequence includes a re-peatin‘g pattern comprising an even number of
consecutive readout modules followed by an even number of magnetization

preparation sequences.

6. The computer—readablé medium of claim 5, where the method includes
controlling the bulse sequenbe to apply a relatively larger number of saturation
modules when an adjacent readout module is encoding a contrast determining
center of k-space and to apply a relatively smaller number of séturation modules
when an adjacent readout module is encoding a resolution determining outer
region of k-space. |

7. The computer-readable medium of claim 1, where the magnetization

preparation module is an inversion module.

8. The computer-readable medium of claim 1, where the magnetization

preparation module is a tagging module.

9. The computer-readablbe medium of claim 8, where the method includes
“controlling, during the tagging module, one or more of, an MR gradient, and RF
pulses to produce two different excitations in two different sets of spins, where a

first excitation is produced in spins associated with an item that is moving in an
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imaging region, and where a second excitation is produced in spins that are

associated with an item that is substantially static in the imaging region.

10.  The computer-readable medium of claim 1, where the steady state pulse
sequence is one of, a TrueFISP sequence, a FLASH sequence, a FISP
sequence, and a PSIF sequence. '

11. The computer-readable medium of claim 1, where the method includes

controlling gradients, during a magnetization preparation module, to be anti-
symmetric gradients.

12.  The computer-readable medium of claim 1, where the magnetization
preparation module is configurable with respect to one or more of, the pbsition of
a region to be prepared during the magnetization preparation module relative to
the region to be imaged, a gap between the region to be prepared during the
magnetization preparation and the region to be imaged, and the thickness of a

_region to be prepared during the magnetization preparation module.

13. The computer—readable medium of claim 1, where the method includes
controlling the steady state pulse sequence with respect to the ratio of

magnetization preparation modules to readout modules.

14.  The computer-readable medium of claim 1, the method comprising:
controlling the MRI apparatus to receive a magnetic resonance (MR)

signal from an object to be imaged in response to being exposed to the steady
state pulse sequence.

15.  The computer-readable medium of claim14, the method comprising:
controlling the MRI apparatus to reconstruct an MR image from the MR
signal and to display the MR image on a display.
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16.  An apparatus, comprising: ,
a pulse logic to produce a steady state pulse sequence that includes a set
of readout modules and a set of magnetization preparation modules; and
‘an output logic to produce radio frequency (RF) energy and magnetic
gradients associated with the steady state pulse'sequence;
where the steady state pulse sequence includes:
regularly spaced in time slice selection excitation pulses to excite a
region to be imaged in an object to be imaged using a consistent repetition
time (TR),
a readout module, and

a magnetization preparation module,

where during a magnetization preparation module a gradient associated
with magnetic resonahce (MR) imaging is not active, a gradient associated with
slice selection is active, and RF pulses associated with slice selection are active,
and A

where signal from which an MR image can be reconstructed is to be

acquired from the object to be imaged during a readout module.

17.  The apparatus of claim 16, comprising:
a reconstruction logic to reconstruct an MR image from signals received

from the object to be imaged in response {o the steady state pulse sequence.

18. The apparatus of claim 16, the magnetization preparation module being

one or more of, a saturation module, an inversion module, and a tagging module.

19.  The apparatus of claim 16, the magnetization preparation module being a |
saturation module during which a gradient associated with region selection and
RF pulses associated with region selection are configured to excite a set of

saturation regions different from the region to be imaged.
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20. A system, comprising:
means for generating a steady state pulse sequence having:
regularly spaced slice selection excitation pulses to excite a region
to be imaged in an object to be imaged using a consistent repetition time
(TR), . .
a readout module, and
a magnetization preparation module,
where during a magnetization preparation module a gradient |
associated with MR imaging is not active, a gradient associated
with slice selection is active, and RF pulses associated with slice.
selection are active, and
where signal from which an MR image can be reconstructed is to be

acquired from the object to be imaged during a readout module;

means for applying the steady state pulse sequence to an object to be
imaged; and

means for reconstructing a magnetic resonance image from signals
acquired from the object to be imaged in response to applying the steady state
pulse sequence. |
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