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1
SYSTEM AND METHOD FOR UNGATED
NON-CONTRAST ENHANCED MAGNETIC
RESONANCE ANGIOGRAPHY

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

This invention was made with government support under
HL096916 awarded by the National Institutes of Health. The
government has certain rights in the invention.

BACKGROUND OF THE INVENTION

The field of the invention is systems and methods for mag-
netic resonance imaging (“MRI”). More particularly, the
invention relates to systems and methods for non-contrast
enhanced magnetic resonance angiography (“MRA”).

When a substance such as human tissue is subjected to a
uniform magnetic field (polarizing field B,), the individual
magnetic moments of the nuclear spins in the tissue attempt to
align with this polarizing field, but precess about it in random
order at their characteristic Larmor frequency. Usually the
nuclear spins are comprised of hydrogen atoms, but other
NMR active nuclei are occasionally used. A net magnetic
moment M, is produced in the direction of the polarizing
field, but the randomly oriented magnetic components in the
perpendicular, or transverse, plane (x-y plane) cancel one
another. If, however, the substance, or tissue, is subjected to a
magnetic field (excitation field B,; also referred to as the
radiofrequency (RF) field) which is in the x-y plane and
which is near the Larmor frequency, the net aligned moment,
M., may be rotated, or “tipped” into the x-y plane to produce
a net transverse magnetic moment M,, which is rotating, or
spinning, in the x-y plane at the Larmor frequency. The prac-
tical value of this phenomenon resides in the signal which is
emitted by the excited spins after the excitation field B, is
terminated. There are a wide variety of measurement
sequences in which this nuclear magnetic resonance
(“NMR™) phenomenon is exploited.

When utilizing these signals to produce images, magnetic
field gradients (G, G,, and G,) are employed. Typically, the
region to be imaged experiences a sequence of measurement
cycles in which these gradients vary according to the particu-
lar localization method being used. The emitted MR signals
are detected using a receiver coil. The MRI signals are then
digitized and processed to reconstruct the image using one of
many well-known reconstruction techniques.

Magnetic resonance angiography (MRA) and, related
imaging techniques, such as perfusion imaging, use the NMR
phenomenon to produce images of the human vasculature or
physiological performance related to the human vasculature.
There are three main categories of techniques for achieving
the desired contrast for the purpose of MR angiography. The
first general category is typically referred to as contrast
enhanced (CE) MRA. The second general category is phase
contrast (PC) MRA. The third general category is time-of-
flight (TOF) or tagging-based MRA.

Contrast-enhanced MRA techniques require venous can-
nulation and the use of exogenous contrast material. Such
agents are costly and expose the patient to added safety risks,
namely, nephrogenic systemic fibrosis. Non-enhanced tech-
niques for MRA are helpful for the evaluation of suspected
vascular disease in patients with impaired renal function,
since they avoid the risk of nephrogenic systemic fibrosis.

Examples of newer non-enhanced techniques include qui-
escent-inflow single-shot (QISS) MRA, fresh blood imaging,
and flow-sensitive dephasing, such as described in co-pend-
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ing U.S. application Ser. No. 12/574,856, which is incorpo-
rated herein by reference in its entirety. QISS MRA has been
shown to be a fast, accurate method for non-contrast MRA.
The primary drawbacks are the need to synchronize the data
acquisition to the electrocardiogram (ECG) and artifacts
when severe arrhythmias are present.

In fact, most nonenhanced MRA techniques utilize cardiac
gating. Notably, standard time-of-flight MR A does not utilize
cardiac gating, but is, generally and unfortunately, not clini-
cally useful for imaging outside of the head and neck. The
need to apply ECG leads to the patient’s chest is inconvenient
and increases setup time for the MR examination. Moreover,
ECG gating often fails when imaging is performed at high
field strengths, such as 3 Tesla fields, due to interference from
the magnetohydrodynamic effect. Moreover, some patients
have a low QRS voltage or have irregular heart rhythms,
which make detection of the ECG signal unreliable. Magnetic
or RF interference from the scan process itself can also cause
ECG gating to fail. In rare instances, the use of ECG leads has
caused skin burns.

Thus, there remains a need to provide a method for non-
contrast enhanced magnetic resonance angiography that is
insensitive to patient motion; consistently and accurately por-
trays vessel anatomy, even in patients with severe vascular
disease; and is less time consuming than existing methods.

SUMMARY OF THE INVENTION

The present invention overcomes the aforementioned
drawbacks by providing an approach for non-contrast MRA
that does not require the use of ECG gating and is insensitive
to arrhythmias. Specifically, the present invention provides a
non-contrast imaging technique that utilizes a quiescent
inflow time period (QITP) that is greater than or equal to half
and, in many cases at least an entire duration of the cardiac
cycle. Doing so allows complete refreshment of saturated
in-plane spins with unsaturated out-of-slice spins, even
though no cardiac gating is applied. A segmented acquisition
is used in which the time delay (TR) between the acquisition
of sequential segments of data for a given slice is greater than
the half the duration of the cardiac cycle. As a consequence,
there is a substantial refreshment of in-slice spins even though
the data acquisition is not synchronized to the cardiac cycle.

In accordance with one aspect of the invention, a method
for producing an image of a vasculature of a subject using a
magnetic resonance imaging (MRI) system includes per-
forming a pulse sequence that directs the MRIsystem to apply
aradio frequency (RF) saturation pulse to a prescribed imag-
ing slice to substantially suppress MR signals in the pre-
scribed imaging slice. The pulse sequence also directs the
MRI system to apply an RF saturation pulse to a prescribed
volume that is outside of the prescribed imaging slice to
substantially suppress MR signals indicative of venous blood
that flows into the prescribed imaging slice, observe a quies-
cent inflow time period (QITP) at least equal to a projected
duration of a cardiac cycle of the subject, apply an RF exci-
tation pulse to the prescribed imaging slice, and acquire
k-space data from the prescribed imaging slice following the
application of the RF excitation pulse as a plurality of seg-
ments in which a time delay (TR) between sequential seg-
ments in the plurality of segments for the prescribed slice is at
least equal to of a projected duration of the cardiac cycle of the
subject determining a subset of the acquired k-space data
which is representative of a desired portion of the cardiac
cycle of the subject and reconstructing, from the subset of
acquired k-space data which is representative of the desired
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portion of the cardiac cycle, an image of the subject including
at least the prescribed imaging slice over the desired portion
of the cardiac cycle.

In accordance with another aspect of the invention, a mag-
netic resonance imaging (MRI) system is disclosed that
includes a magnet system configured to generate a polarizing
magnetic field about at least a region of interest (ROI) in a
subject arranged in the MRI system, a plurality of gradient
coils configured to apply a gradient field to the polarizing
magnetic field, and a radio frequency (RF) system configured
to apply an excitation field to the subject and acquire MR
image data from a ROI. The MRI system also includes a
computer system programmed to control the RF system and
gradient coils to apply a saturation pulse to a prescribed
imaging slice to substantially suppress MR signals in the
prescribed imaging slice and control the RF system and gra-
dient coils to apply an RF saturation pulse to a prescribed
volume that is outside of the prescribed imaging slice to
substantially suppress MR signals indicative of venous blood
that flows into the prescribed imaging slice. The computer
system is further configured to observe a quiescent inflow
time period (QITP) at least equal to half a projected duration
of a cardiac cycle of the subject, control the RF system and
gradient coils to apply an RF excitation pulse to the pre-
scribed imaging slice, and acquire k-space data from the
prescribed imaging slice as a plurality of segments. The com-
puter system is configured to reconstruct, from the acquired
k-space data, an image of the subject including at least the
prescribed imaging slice.

In accordance with yet another aspect of the invention, a
method for producing an image of a vasculature of a subject
using a magnetic resonance imaging (MRI) system is dis-
closed that includes performing a pulse sequence that directs
the MRI system to apply a radio frequency (RF) saturation
pulse to a prescribed imaging slice to substantially suppress
MR signals in the prescribed imaging slice. The pulse
sequence may also direct the MRI system to apply an RF
saturation pulse to a prescribed volume that is outside of the
prescribed imaging slice to substantially suppress MR signals
indicative of venous blood that flows into the prescribed
imaging slice and observe a quiescent inflow time period
(QITP) selected to allow a refreshment of saturated in-plane
spins in the prescribed imaging slice with unsaturated out-of-
slice spins without timing the QITP with respect to a cardiac
gating signal.

In accordance with still another aspect of the invention, a
method for producing an image of a vasculature of a subject
using a magnetic resonance imaging (MRI) system is dis-
closed that includes applying a saturation pulse to a pre-
scribed imaging slice to substantially suppress MR signals in
the prescribed imaging slice and applying an RF saturation
pulse to a prescribed volume that is outside of the prescribed
imaging slice to substantially suppress MR signals indicative
of venous blood that flows into the prescribed imaging slice.
A quiescent inflow time period (QITP) is observed that is at
least equal to halfa projected duration ofa cardiac cycle of the
subject. After the QITP, k-space data is acquired from the
prescribed imaging slice as a plurality of segments. A subset
of the acquired k-space data which is representative of slow
diastolic flow is reconstructed into an image of the subject
including at least the prescribed imaging slice.

The foregoing and other aspects of the invention will
appear from the following description. In the description,
reference is made to the accompanying drawings which form
a part hereof, and in which there is shown by way of illustra-
tion a preferred embodiment of the invention. Such embodi-
ment does not necessarily represent the full scope of the
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4

invention, however, and reference is made therefore to the
claims and herein for interpreting the scope of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic diagram of a magnetic resonance
imaging system configured for use with the present invention.

FIG. 2 is a general diagram of a pulse sequence and seg-
ment acquisition process.

FIG. 3 is a detailed pulse sequence diagram of one imple-
mentation if a pulse sequence in accordance with the present
invention.

FIG. 4 is a flow chart setting forth the steps of a method in
accordance with the present invention.

FIG. 5 is a flow chart setting forth the steps of a method in
accordance with the present invention.

DETAILED DESCRIPTION OF THE INVENTION

Referring particularly now to FIG. 1, an example of a
magnetic resonance imaging (MRI) system 100 is illustrated.
The MRI system 100 includes an operator workstation 102,
which will typically include a display 104, one or more input
devices 106, such as a keyboard and mouse, and a processor
108. The processor 108 may include a commercially available
programmable machine running a commercially available
operating system. The operator workstation 102 provides the
operator interface that enables scan prescriptions to be
entered into the MRI system 100. In general, the operator
workstation 102 may be coupled to four servers: a pulse
sequence server 110; a data acquisition server 112; a data
processing server 114; and a data store server 116. The opera-
tor workstation 102 and each server 110, 112, 114, and 116
are connected to communicate with each other. For example,
the servers 110, 112, 114, and 116 may be connected via a
communication system 117, which may include any suitable
network connection, whether wired, wireless, or a combina-
tion of both. As an example, the communication system 117
may include both proprietary or dedicated networks, as well
as open networks, such as the internet.

The pulse sequence server 110 functions in response to
instructions downloaded from the operator workstation 102
to operate a gradient system 118 and a radiofrequency (“RF”")
system 120. Gradient waveforms necessary to perform the
prescribed scan are produced and applied to the gradient
system 118, which excites gradient coils in an assembly 122
to produce the magpetic field gradients G, G,, and G, used
for position encoding magnetic resonance signals. The gra-
dient coil assembly 122 forms part of a magnet assembly 124
that includes a polarizing magnet 126 and a whole-body RF
coil 128.

RF waveforms are applied by the RF system 120 to the RF
coil 128, or a separate local coil (not shown in FIG. 1), in order
to perform the prescribed magnetic resonance pulse
sequence. Responsive magnetic resonance signals detected
by the RF coil 128, or a separate local coil (not shown in FIG.
1), are received by the RF system 120, where they are ampli-
fied, demodulated, filtered, and digitized under direction of
commands produced by the pulse sequence server 110. The
RF system 120 includes an RF transmitter for producing a
wide variety of RF pulses used in MRI pulse sequences. The
RF transmitter is responsive to the scan prescription and
direction from the pulse sequence server 110 to produce RF
pulses of the desired frequency, phase, and pulse amplitude
waveform. The generated RF pulses may be applied to the
whole-body RF coil 128 or to one or more local coils or coil
arrays (not shown in FIG. 1).
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The RF system 120 also includes one or more RF receiver
channels. Each RF receiver channel includes an RF pream-
plifier that amplifies the magnetic resonance signal received
by the coil 128 to which it is connected, and a detector that
detects and digitizes the T and Q quadrature components of the
received magnetic resonance signal. The magnitude of the
received magnetic resonance signal may, therefore, be deter-
mined at any sampled point by the square root of the sum of
the squares of the I and Q components:

Vg

Eqn. 1;

and the phase of the received magnetic resonance signal
may also be determined according to the following relation-
ship:

Eqn. 2

The pulse sequence server 110 also optionally receives
patient data from a physiological acquisition controller 130.
By way of example, the physiological acquisition controller
130 may receive signals from a number of different sensors
connected to the patient, such as electrocardiograph (“ECG™)
signals from electrodes, or respiratory signals from a respi-
ratory bellows or other respiratory monitoring device. Such
signals are typically used by the pulse sequence server 110 to
synchronize, or “gate,” the performance of the scan with the
subject’s heart beat or respiration.

The pulse sequence server 110 also connects to a scan room
interface circuit 132 that receives signals from various sen-
sors associated with the condition of the patient and the mag-
net system. It is also through the scan room interface circuit
132 that a patient positioning system 134 receives commands
to move the patient to desired positions during the scan.

The digitized magnetic resonance signal samples produced
by the RF system 120 are received by the data acquisition
server 112. The data acquisition server 112 operates in
response to instructions downloaded from the operator work-
station 102 to receive the real-time magnetic resonance data
and provide buffer storage, such that no data is lost by data
overrun. In some scans, the data acquisition server 112 does
little more than pass the acquired magnetic resonance data to
the data processor server 114. However, in scans that require
information derived from acquired magnetic resonance data
to control the further performance of the scan, the data acqui-
sition server 112 is programmed to produce such information
and convey it to the pulse sequence server 110. For example,
during prescans, magnetic resonance data is acquired and
used to calibrate the pulse sequence performed by the pulse
sequence server 110. As another example, navigator signals
may be acquired and used to adjust the operating parameters
of the RF system 120 or the gradient system 118, or to control
the view order in which k-space is sampled. In still another
example, the data acquisition server 112 may also be
employed to process magnetic resonance signals used to
detect the arrival of a contrast agent in a magnetic resonance
angiography (MRA) scan. By way of example, the data acqui-
sition server 112 acquires magnetic resonance data and pro-
cesses it in real-time to produce information that is used to
control the scan.

The data processing server 114 receives magnetic reso-
nance data from the data acquisition server 112 and processes
it in accordance with instructions downloaded from the
operator workstation 102. Such processing may, for example,
include one or more of the following: reconstructing two-
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dimensional or three-dimensional images by performing a
Fourier transformation of raw k-space data; performing other
image reconstruction algorithms, such as iterative or back-
projection reconstruction algorithms; applying filters to raw
k-space data or to reconstructed images; generating func-
tional magnetic resonance images; calculating motion or flow
images; and so on.

Images reconstructed by the data processing server 114 are
conveyed back to the operator workstation 102 where they are
stored. Real-time images are stored in a data base memory
cache (not shown in FIG. 1), from which they may be output
to operatordisplay 112 ora display 136 thatis located near the
magnet assembly 124 for use by attending physicians. Batch
mode images or selected real time images are stored in a host
database on disc storage 138. When such images have been
reconstructed and transferred to storage, the data processing
server 114 notifies the data store server 116 on the operator
workstation 102. The operator workstation 102 may be used
by an operator to archive the images, produce films, or send
the images via a network to other facilities.

The MRI system 100 may also include one or more net-
worked workstations 142. By way of example, a networked
workstation 142 may include a display 144; one or more input
devices 146, such as a keyboard and mouse; and a processor
148. The networked workstation 142 may be located within
the same facility as the operator workstation 102, or in a
different facility, such as a different healthcare institution or
clinic.

The networked workstation 142, whether within the same
facility or in a different facility as the operator workstation
102, may gain remote access to the data processing server 114
or data store server 116 via the communication system 117.
Accordingly, multiple networked workstations 142 may have
access to the data processing server 114 and the data store
server 116. In this manner, magnetic resonance data, recon-
structed images, or other data may exchanged between the
data processing server 114 or the data store server 116 and the
networked workstations 142, such that the data or images
may be remotely processed by a networked workstation 142.
This data may be exchanged in any suitable format, such as in
accordance with the transmission control protocol (TCP), the
internet protocol (IP), or other known or suitable protocols.

The above-described MRI system 100 or other MRI system
may be utilized to carry out a method for non-cardiac-gated,
non-contrast-enhanced MRI in accordance with the present
invention. More particularly, a method for non-cardiac-gated
non-contrast-enhanced magnetic resonance angiography
(“MRA”) may be performed using the above-described MRI
system 100. Referring to FIG. 2, a pulse sequence 200 to be
performed by the above-described MRI and associated slice/
segments 202 resulting therefrom are illustrated. As will be
described, FIG. 2 illustrates a pulse sequence diagram in
accordance with the present invention using in-plane inver-
sion, tracking venous saturation, 6 segments, and 48 slices.

The pulse sequence 200 includes a magnetization prepara-
tion module 204 that may include at least one inversion pulse
206 or a saturation pulse 208. The preparation module 204 is
applied to spins in an imaging slice and, optionally, to inflow-
ing venous spins outside of the imaging slice. Thus, the inver-
sion pulse 206 is directed to the imaging slice, as will be
further described, and the saturation pulse 208 is targets
venous spins. A quiescent inflow time period (“QITP”) 210,
during which no RF pulses are applied, is performed by the
system, followed by a data acquisition module 212. As will be
described, the QITP is preferably selected to be greater than
or equal to a projected duration of the subject’s cardiac cycle,
which may be, for example, an average (subject or baseline
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average) or other estimate or means for projecting the dura-
tion of the subject’s cardiac cycle. That is, notably and pref-
erably, the QITP 210 is selected to be greater than or equal to
the duration of the subject’s cardiac cycle, which ensures that
the saturated in-place spins are completely replaced with
unsaturated out-of-slice spins, even though no cardiac gating
is applied. However, as will be described below, the present
invention provides techniques to reduce the QI'TP to approxi-
mately half or more than the projected duration of the cardiac
cycle even though no cardiac gating is applied, while still
vielding clinically-useful images.

The data acquisition module 212 may include, for
example, further preparations, such as a fat saturation pulse
214 and/or an alpha/2 preparation 216. As will be further
described, the alpha/2 magnetization preparation 216 may
precede each segment. The data acquisition module 212 may
also include, for example, a pulse sequence, such as balanced
steady-state free precession (“bSSFP”). As a further example,
the bSSFP pulse sequence may elicit a segmented, two-di-
mensional bSSFP data acquisition. Moreover, the data acqui-
sition module 212 is configured to acquire a stack of contigu-
ous or overlapping slices 202 such that one segment of data
for an imaging slice is acquired within one repetition time
(“TR”) 218 and the time interval between the acquisition of
successive segments for any imaging slice is greater than or
equal to the TR 218. As a consequence, there is a relatively
random distribution of flow-induced phase shifts throughout
k-space, thereby minimizing signal loss and ghost artifacts in
the resulting images, even though the data acquisition is not
synchronized to the cardiac cycle.

Referring now particularly to FIG. 3, the above-described
pulse sequence is pictorially shown in further detail. Notably,
the pulse sequence 200 is not cardiac gated, such that the
acquisition of k-space data is not precisely timed with respect
to the flow of arterial blood. As described above, the pulse
sequence 200 generally includes the magnetization prepara-
tion module 204, a QITP 210 in which no radio frequency
(“RF”) pulses are applied, and a data acquisition module 212.

The magnetization preparation module 204 typically uses
at least one inversion 206 and/or saturation 208 RF pulse. RF
saturation pulses 208 differ from inversion recovery pulses
206, in that using an RF saturation pulse 208 resets the lon-
gitudinal magnetization to zero prior to the beginning of the
QITP 210. This may not be the case when using inversion
recovery pulses 206 because inadequate inversion of the spins
may leave residual longitudinal magnetization at the begin-
ning of the QITP 210. This residual longitudinal magnetiza-
tion can confound the subsequently detected MR signals. RF
saturation pulses 208 also have the added benefit that, because
the longitudinal magnetization is reset to zero, the use of
slice-selection ensures that the tissue signal remains substan-
tially uniform across different slices despite variations in the
subject’s cardiac cycle that may result from cardiac arrhyth-
mias.

The inversion/saturation pulse 206, 208 is generally
applied in-plane, as indicated by associated slice-select gra-
dients 300, 301, to suppress the signal intensity of back-
ground tissue, including static venous spins. Optionally, a
saturation or inversion RF pulse can be applied to out-of-
plane venous spins to further suppress their contribution to
the signal that will be acquired during the subsequent data
acquisitions. Saturation or inversion of the out-of-plane
venous spins reduces their longitudinal magnetization,
thereby suppressing venous signal as these spins flow into the
imaging slice over the QITP 210. By combining the effect of
the in-plane magnetization preparation and out-of-plane satu-
ration the present invention is able to ensure adequate sup-
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pression of venous signal irrespective of flow rate. Accord-
ingly, as noted above, the present invention does not require
cardiac gating or synchronization to the cardiac cycle.

After the QITP 210 has passed, the pulse sequence 200
proceeds with the data acquisition module 212, which is
accomplished, for example, with a single shot balanced
steady-state free procession (SSFP) gradient echo pulse
sequence. First, a spectrally selective fat saturation RF pulse
214 is applied to further suppress unwanted MR signals origi-
nating from fat tissue. This is subsequently followed by a
slice-selective /2 magnetization RF pulse 216 that is played
out in the presence of a slice-selective gradient 302, where o
is a user selected flip angle. The slice-selective gradient 300
includes a rephasing lobe 303 that acts to mitigate unwanted
phase accruals that occur during the application of the slice-
selective gradient 302. This portion of the pulse sequence 200
includes a slice-selective RF excitation pulse 304 that is
played out in the presence of a slice-selective gradient pulse
306 to produce transverse magnetization in a prescribed slice.
The slice-selective gradient pulse 306 includes a rephasing
lobe 308 that acts to mitigate unwanted phase accruals that
occur during the application of the slice-selective gradient
306. After excitation of the spins in the slice, aphase encoding
gradient pulse 310 is applied to position encode the MR signal
312 along one direction in the slice. A readout gradient pulse
314 is also applied after a dephasing gradient lobe 316 to
position encode the MR signal 312 along a second, orthogo-
nal direction in the slice. Like the slice-selective gradient 306,
the readout gradient 314 also includes a rephasing lobe 318
that acts to mitigate unwanted phase accruals.

To maintain the steady state condition, the integrals along
the three gradients each sum to zero during the repetition time
(“TR”) period. To accomplish this, a rewinder gradient lobe
320 that is equal in amplitude, but opposite in polarity of the
phase encoding gradient 310, is played out along the phase
encoding gradient axis. Likewise, a dephasing lobe 322 is
added to the slice select gradient axis, such that the dephasing
lobe 322 precedes the repetition of the slice-selective gradient
306 in the next TR period. As is well known in the art, the
reading out of MR signals following the single shot of the RF
excitation pulse 304 is repeated and the amplitude of the
phase encoding gradient 310 and its equal, but opposite
rewinder 320 are stepped through a set of values to sample 2D
k-space in a prescribed manner. It should be appreciated by
those skilled in the art that any number of data acquisition
schemes can be employed to acquire k-space data instead of
balanced SSFP. For example, spoiled gradient echo, spiral
acquisition, or echo planar imaging (“EPI”) pulse sequences
can alternatively be utilized.

Of course, multiple variations on the above-described
pulse sequence are contemplated. For example, the magneti-
zation preparation module may include two RF pulses,
namely, an inversion pulse 206 narrowly applied to the slice
based on gradient 300 and a saturation pulse 208 broadly
applied based on gradient 301 to inflowing venous spins. The
order of these pulses 206, 208 can be reversed without sub-
stantially altering the image appearance.

As another example, a single large inversion region can be
applied simultaneously to both the inflowing venous spins
and imaging slice prior to the QITP 210. A drawback of using
a single inversion region is that the edge profile of a large
inversion slab is less sharp compared with that of a narrow
slice, which may cause uneven suppression of background
tissues and inadvertent suppression of inflowing arterial
spins.

Furthermore, alternative pulse sequences for data readout
are likewise available. Examples include a spoiled gradient-
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echo acquisition instead of a bSSFP gradient-echo acquisi-
tion, although this would be anticipated to result in a reduced
signal-to-noise ratio (“SNR”). Notably, a variety of k-space
trajectories can be used, including Cartesian, radial, echo
planar, or spiral, as well as a variety of methods to shorten the
data acquisition period.

A variety of methods can be employed to achieve the
above-described fat suppression, including chemical shift-
selective RF pulses, water-selective excitation, Dixon tech-
niques, and various other approaches. Although an axial ori-
entation is often preferred for many clinical settings, other
slice orientations can be used as well. Background suppres-
sion may be improved by subtracting, what will be described
as an “UNQISS” MRA acquisition, using a superiorly posi-
tioned saturation module from one using an inferiorly posi-
tioned saturation module. However, this process increases
scan time and makes the acquisition more sensitive to motion.

Notably, though the QITP 210 is described above as being
generally free of RF pulses, it is possible to use the time
interval during the QITP 210 to apply additional RF pulses
and/or acquire additional image data which could be used for
demonstration of anatomy, flow direction, image subtraction,
to alter tissue contrast, and so forth. It should be noted, how-
ever, that any RF pulses applied during the QITP 210 may
cause saturation of inflowing arterial spins and reduce arterial
conspicuity and, thus, are to be carefully selected and crafted.

Referring to FIG. 4, an imaging process employing the
above-described pulse sequence and using an MRI system,
such as described above, begins at process block 400 with the
application of a slice-selective inversion RF pulse that is
applied to the slice in order to suppress the signal intensity of
fluid, edema, fat, muscle, stationary venous spins and other
background tissues. At process block 402, a tracking satura-
tion RF pulse may be applied. In one example, the saturation
RF pulse may be a 100 mm-thick and applied caudally, such
that the top of the saturated region is contiguous with the
imaging slice. The general purpose of the saturation pulse
applied at process block 402 is to suppress the signal from
moving venous spins.

At process block 404, a quiescent inflow time period
(QITP) is performed. In one example, the QITP may have a
duration selected to roughly span the projected duration of,
for example, an average cardiac cycle of the subject being
imaged. Alternatively the projected duration may be that of a
baseline study or other set of criteria upon which to project the
duration of the subject’s cardiac cycle without direct mea-
surement or systems for gating. For some subjects, the QITP
may have a duration, for example of 900 ms. By design, the
QITP allows for unsaturated arterial spins to flow into the
imaging slice and replace the saturated spins. Since no or few
RF pulses are applied during the QITP, there is no (or at least
controlled) saturation of the inflowing spins to create a
desired arterial conspicuity. Moreover, the QITP affords the
opportunity for out-of-slice saturated venous spins to flow
into and through the imaging slice, ensuring that venous
signal is suppressed.

At process block 406, a fat suppression technique may be
applied. The fat suppression technique may be a chemical
shift-selective fat saturation RF pulse or other fat suppression
technique. Next, at process block 408, one segment of data is
acquired using, for example, a 2D balanced steady-state free
precession (bSSFP) pulse sequence. The duration of each
segment of the bSSFP acquisition must be kept short, typi-
cally less than two hundred milliseconds, in order to maintain
adequate suppression of signal from background tissues as
well as to minimize flow-related phase shifts, motion sensi-
tivity, and RF power deposition.

20

25

30

40

45

60

65

10

After the data has been acquired, a check is made at deci-
sion block 410 to determine if all data has been acquired for
each segment, if not, the process is repeated for the next
segment. Once all data for a given segment is collected, a
check is made at decision block 412 to determine if data from
all desired slices has been acquired. If not, the process moves,
atprocess block 414, to the next slice. This process is repeated
until data for all segments and all the slices have been
acquired. Once all of the data is acquired, at process block
416, the data may be reconstructed into the desired images.
The images can be processed using a maximum intensity
projection or other 3D processing methods.

By way of example only, one acquisition may employ 2-8
segments and 32-128 slices. Notably, to acquire data across
the multiple slices, it may be desirable to move the subject to
various imaging stations. By way of example, 64 slightly
overlapping 3 mm-thick slices may be acquired for one sta-
tion, followed by a shift in table position, and acquisition of a
contiguous group of'slices. This process is designed to ensure
that the magnetic field can be shimmed to sufficient unifor-
mity over each slice group. If too many slices are acquired in
a single group such that the outer slices are far outside the
isocenter of the magnet, then artifacts may occur due to
imperfect shimming. Depending on patient height, approxi-
mately eight groups of 64 slices may be used to span the
peripheral arteries from the level of the distal aorta to the
pedal arteries. For regions such as the abdomen where breath-
holding is required, a reduced number of slices is acquired per
station.

Notably, in many clinical applications, it is desirable that
the slice acquisition order be opposite to the direction of
arterial blood flow. A technique variation involves applying a
saturation pulse to inflowing venous spins without applying a
magnetization preparation to the slice. This will suppress
venous signal but allow visualization of the arteries. How-
ever, in this scenario one will also visualize fluids and tissue
edema, which may degrade the image quality on a maximum
intensity projection.

Several other technique variations are contemplated. For
instance, within each TR interval, a single venous saturation
could be applied, followed by in-plane inversion of one or
more additional adjacent slices in rapid succession, followed
by QITP, followed by additional data readouts for the one or
more slices in rapid succession. This approach will reduce
scan time by a factor of at least two compared with a single
slice readout. Scan time can be further reduced using parallel
imaging or partial Fourier techniques.

The proposed invention has the advantages of speed,
robustness, and simplicity. For instance, the entire length of
the peripheral arteries can be imaged in less than 30 minutes
with high arterial conspicuity and marked suppression of
venous signal. No ECG gating is needed, greatly simplifying
patient setup and convenience. Moreover, with appropriate
choice of sequence parameters, one does not even need to
acquire a scout image for slice positioning.

Three-dimensional acquisitions, such as fresh blood imag-
ing, are generally too time-consuming to permit data acqui-
sition within a single breath-holding period. In contrast, with
the above described “UNQISS” MRA techniques it is
straightforward to acquire a group of slices within a single
breath-hold. The capability for breath-holding enables arti-
facts from vessel misregistration to be eliminated in regions
like the abdomen and pelvis.

Therefore, the present invention provides a method that
controls the signals from veins, which is challenging since
venous blood flows only a short distance or not at all during
the short scan time, and provides accurate depiction of arterial
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anatomy over a wide range of flow velocities, ranging from a
few cm/sec to more than 100 cm/sec, with sufficient arterial
conspicuity to allow creation of a projection angiogram. By
controlling venous signals, the present method overcomes the
drawbacks of prior systems and method that fail to provide
similar control and, thus, venous signal using those tradi-
tional methods tends to overlap the arterial signals on projec-
tion images making it difficult or impossible to use the MRA
to diagnose arterial disease.

The present invention provides a combination ofan in-slice
magnetization preparation (with or without venous satura-
tion), quiescent interval to permit inflow of unsaturated arte-
rial spins, segmented 2D bSSFP data acquisition, and coun-
tercurrent slice acquisition that is clinically advantageous and
particularly advantageous when considered with respect to
traditional techniques that have focused on similar clinical
applications.

Referring to FIG. 5, another flow chart is provided that sets
forth the steps of another method for nonenhanced MRA
without cardiac gating. The process begins at process block
500 the acquisition of a series of two-dimensional (2D) slices
through a region of interest (ROI). At process block 502, for
each 2D slice, one or more initial in-plane RF pulses are
applied so as to suppress the signal intensity of blood vessels
and background tissue.

At process block 504, following the RF pulse(s). a delay
time (the quiescent interval, QI or QITP) is applied to allow
for inflow of unsaturated spins into the slice. The QI should be
at least 50 percent of the projected, expected, or estimated
duration of the cardiac cycle of the subject. As described
above, the QITP may be advantageously at least equal to the
projected duration of the entire cardiac cycle so as to allow for
complete refreshment of spins prior to data acquisition irre-
spective of the phase of the cardiac cycle.

Atprocess block 506, data is sequentially acquired using a
series of non-adjacent projections. In accordance with the
present method, these projections may, advantageously, each
sample the center of k-space. The non-adjacent pattern, such
as achieved, for example, by using a golden angle or pseudo-
random radial k-space trajectory, reduces the likelihood that
sequentially acquired projections will represent the same
phase of the cardiac cycle, thereby further controlling flow
artifacts.

Optionally, at process block 508, the acquired projections
may be analyzed, for example, by reconstructing subsets of
projections and identifying projections producing anomalous
vascular signal, so that projections representing periods of
rapid or accelerating flow (which cause flow artifacts) may be
selectively discarded prior to reconstruction of the MRA
images. At process block 510, the projections are recon-
structed into MR A images. For example, as part of the recon-
struction process, the images may be re-projected (e.g. using
amaximum intensity projection algorithm) so as to display an
MRA image.

The present invention has been described in terms of one or
more preferred embodiments, and it should be appreciated
that many equivalents, alternatives, variations, and modifica-
tions, aside from those expressly stated, are possible and
within the scope of the invention.

The invention claimed is:

1. A method for producing an image of a vasculature of a
subject using a magnetic resonance imaging (MRI) system,
the steps comprising:

a) performing a pulse sequence that directs the MRI system

to:

1) apply a radio frequency (RF) saturation pulse to a
prescribed imaging slice to suppress MR signals in
the prescribed imaging slice;
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ii) observe a quiescent inflow time period (QITP) at least
equal to a projected duration of a cardiac cycle of the
subject;

iii) apply an RF excitation pulse to the prescribed imag-
ing slice;

1v) acquire k-space data from the prescribed imaging
slice following the application of the RF excitation
pulse as a plurality of segments in which a time delay
(TR) between sequential segments in the plurality of
segments for the prescribed slice is at least equal to of
a projected duration of the cardiac cycle of the sub-
ject; and

b) determining a subset of the acquired k-space data which
is representative of a desired portion of the cardiac cycle
of the subject;

¢) reconstructing, from the subset of acquired k-space data
which is representative of the desired portion of the
cardiac cycle, an image of the subject including at least
the prescribed imaging slice over the desired portion of
the cardiac cycle; and

wherein the TR is selected to allow a random distribution of
flow-induced phase shifts to accumulate throughout
k-space to control signal loss and artifact-inducing com-
ponents in the k-space data without synchronization to
the cardiac cycle.

2. The method of claim 1 wherein step a) is repeated for a
plurality of prescribed imaging slices spanning a region of
interest (ROI) including the vasculature.

3. The method of claim 1 wherein steps a)ii), a)iii), and
a)iv) are configured to suppress MR signals within the pre-
scribed imaging slice from venous blood irrespective of flow
rate of the venous blood.

4. The method of claim 1 wherein step a) further comprises
apply an RF saturation pulse to a prescribed volume that is
outside of the prescribed imaging slice to suppress MR sig-
nals indicative of venous blood that flows into the prescribed
imaging sliceand wherein QITP is selected to allow a refresh-
ment of saturated in-plane spins in the prescribed imaging
slice to be replaced with unsaturated out-of-slice spins with-
out timing the QITP with respect to a cardiac gating signal.

5. The method of claim 1 wherein the vasculature is free of
contrast agents.

6. The method of claim 1 wherein step a) is repeated a
plurality of times and, for occurrence of step a)iv):

for each TR associated with each occurrence of step a)v),
apply:

a venous saturation pulse;

an in-plane inversion of at least one adjacent slice to the
prescribed imaging slice;

a QITP; and

acquire k-space data from the at least one adjacent slice.

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

a magnet system configured to generate a polarizing mag-
netic field about at least a region of interest (ROI) in a
subject arranged in the MRI system;

a plurality of gradient coils configured to apply a gradient
field to the polarizing magnetic field;

aradio frequency (RF) system configured to apply an exci-
tation field to the subject and acquire MR image data
from a ROI,

a computer system programmed to:

a) control the RF system and gradient coils to apply a
saturation pulse to a prescribed imaging slice to sup-
press MR signals in the prescribed imaging slice;

b) control the RF system and gradient coils to apply an
RF saturation pulse to a prescribed volume that is
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outside of the prescribed imaging slice to suppress
MR signals indicative of venous blood that flows into
the prescribed imaging slice;

¢) observe a quiescent inflow time period (QITP) at least
equal to half a projected duration of a cardiac cycle of
the subject;

d) control the RF system and gradient coils to apply an
RF excitation pulse to the prescribed imaging slice;

e) acquire k-space data from the prescribed imaging
slice as a plurality of segments in which a time delay
(TR) between sequential segments in the plurality of
segments for the prescribed imaging slice is selected
to allow a random distribution of flow-induced phase
shifts to accumulate throughout k-space to control
signal loss and artifact-inducing components in the
k-space data without synchronization to the cardiac
cycle; and

1) reconstruct, from the acquired k-space data, an image
of the subject including at least the prescribed imag-
ing slice.

8. The MRI system of claim 7 wherein the computer system
is configured to select the QITP to allow a refreshment of
saturated in-plane spins in the prescribed imaging slice to be
replaced with unsaturated out-of-slice spins without timing
the QITP with respect to a cardiac gating signal.

9. The MRI system of claim 7 wherein the TR is at least
equal to half a projected duration of the cardiac cycle of the
subject.

10. The MRI system of claim 9 wherein the computer is
further configure to repeated a) through e) a plurality of times
and, for occurrence of e):

for each TR associated with each occurrence of step e),

apply:

a venous saturation pulse;

an in-plane inversion of at least one adjacent slice to the
prescribed imaging slice;

a QITP; and

acquire k-space data from the at least one adjacent slice.

11. The MRI system of claim 7 wherein the computer
system is further configured to control the RF system acquire
a coil sensitivity map.

12. The MRI system of claim 11 wherein the computer
system is configured to perform e) using parallel receive
techniques.

13. A method for producing an image of a vasculature of a
subject using a magnetic resonance imaging (MRI) system,
the steps comprising:

a) performing a pulse sequence that directs the MRI system

to:

i) apply a radio frequency (RF) saturation pulse to a
prescribed imaging slice to suppress MR signals in
the prescribed imaging slice;

ii) apply an RF saturation pulse to a prescribed volume
that is outside of the prescribed imaging slice to sup-
press MR signals indicative of venous blood that
flows into the prescribed imaging slice;

ii1) observe a quiescent inflow time period (QITP)
selected to allow a refreshment of saturated in-plane
spins in the prescribed imaging slice with unsaturated
out-of-slice spins without timing the QITP with
respect to a cardiac gating signal,

iv) apply an RF excitation pulse to the prescribed imag-
ing slice;

v) acquire k-space data from the prescribed imaging
slice following the application of the RF excitation
pulse as a plurality of segments in which a time delay
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(TR) between sequential segments in the plurality of
segments for the prescribed slice is selected to allow a
random distribution of flow-induced phase shifts to
accumulate throughout k-space to control signal loss
and artifact-inducing components in the k-space data
without synchronization to the cardiac cycle;

¢) reconstructing, from the acquired k-space data, an image
of the subject including at least the prescribed imaging
slice.

14. The method of claim 13 wherein step a) is repeated for

a plurality of prescribed imaging slices spanning a region of
interest (ROI) including the vasculature.

15. The method of claim 13 wherein steps a)ii), a)iii), and
a)iv) are configured to suppress MR signals within the pre-
scribed imaging slice from venous blood irrespective of flow
rate of the venous blood.

16. The method of claim 13 wherein the QITP is selected to
allow a refreshment of saturated in-plane spins in the pre-
scribed imaging slice to be replaced with unsaturated out-of-
slice spins without timing the QITP with respect to a cardiac
gating signal.

17. A method for producing an image of a vasculature of a
subject using a magnetic resonance imaging (MRI) system,
the steps comprising:

a) controlling an RF system and gradient coils of the MRI
system to apply a saturation pulse to a prescribed imag-
ing slice to suppress MR signals in the prescribed imag-
ing slice;

b) controlling the RF system and gradient coils to apply an
RF saturation pulse to a prescribed volume that is out-
side of the prescribed imaging slice to suppress MR
signals indicative of venous blood that flows into the
prescribed imaging slice;

¢) observing a quiescent inflow time period (QITP) at least
equal to halfa projected duration ofa cardiac cycle of the
subject;

d) controlling the RF system and gradient coils to apply an
RF excitation pulse to the prescribed imaging slice;

e) acquiring k-space data from the prescribed imaging slice
as a plurality of projections in which a time delay (TR)
between sequential projections is selected to allow a
random distribution of flow-induced phase shifts to
accumulate throughout k-space to control signal loss
and artifact-inducing components in the k-space data
without synchronization to the cardiac cycle; and

f) reconstructing, from the acquired k-space data, an image
of the subject including at least the prescribed imaging
slice.

18. The method of claim 17 wherein in each projection and
respective adjacent projections in the plurality of projections
are non-adjacent projections in k-space.

19. The method of claim 17 wherein each projection in the
plurality of projections extends through a center of k-space.

20. The method of claim 17 wherein step f) further com-
prises analyzing each of the plurality of projections to iden-
tify projections acquired during periods in the cardiac cycle
causing at least one of rapid and accelerating blood flow and
discarding identified projections prior to reconstructing the
image of the subject.

21. The method of claim 17 wherein step f) includes using
a maximum intensity projection algorithm to reconstruct the
image of the subject.
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