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(7) ABSTRACT

A system and method for producing an image of a vascular
structure of a subject using a magnetic resonance imaging
(MRI) system includes performing a first pulse sequence to
acquire a flow-dependent imaging data set from the stack of
prescribed imaging slices following a first quiescent inflow
time period (QITP). The process also includes performing a
second pulse sequence without suppressing signal from spins
flowing into the stack of prescribed imaging slices through
either of the veins or arteries to acquire a flow-independent
imaging data set. The flow-dependent imaging data and the
flow-independent imaging data are subtracted to create a
difference image of the stack of prescribed imaging slices
illustrating the at least one of the arteries and the veins as
having a bright contrast and another of the arteries and veins
as having a suppressed contrast.
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1
SYSTEM AND METHOD FOR SELECTIVE
MAGNETIC RESONANCE IMAGING
ANGIOGRAPHY OF ARTERIES OR VEINS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is based on, claims priority to, and incor-
porates herein by reference in its entirety, U.S. Provisional
Application Ser. No. 61/837,403, filed Jun. 20, 2013, and
entitled “SYSTEM AND METHOD FOR SELECTIVE
MAGNETIC RESONANCE IMAGING ANGIOGRAPHY
OF ARTERIES OR VEINS”

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

This invention was made with government support under
1R01HL096916 awarded by National Institutes of Health.
The government has certain rights in the invention.

BACKGROUND OF THE INVENTION

The present disclosure relates to magnetic resonance imag-
ing More particularly, the disclosure relates to a system and
method for selective imaging of arteries or veins using mag-
netic resonance imaging.

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.
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Contrast-enhanced MRA (CEMRA) is frequently used to
evaluate vascular disease. Although arteries are well evalu-
ated using CEMRA, it is problematic to show veins without
troublesome overlap from arteries. Moreover, high contrast
doses or a costly blood pool agent may be required. Further-
more, these techniques require the use of exogenous contrast
material. Such agents are costly and expose the patient to
added safety risks, namely, nephrogenic systemic fibrosis. As
such, non-enhanced MRA (NEMRA) techniques 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-
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.
However, imaging of veins can be problematic using tradi-
tional QISS techniques due to the intermittent nature of
venous flow. In certain regions like the lower-extremities,
venous flow may be entirely absent for extended periods of
time, so that flow-dependent MRA techniques like QISS do
not reliably show venous anatomy.

Additionally, flow-independent MRA techniques are
potentially advantageous because they can be implemented as
a 3D acquisition with excellent signal-to-noise ratio, high
spatial resolution, and insensitivity to abnormal flow patterns.
Flow-independent MR A techniques can be performed during
the steady-state, after administration of a blood pool contrast
agent, such as gadofosveset trisodium, or can be acquired
without contrast agents using pulse sequences such as 3D
balanced steady-state free precession. However, the projec-
tive images overlap between arteries and veins severely limits
the diagnostic utility of images acquired using flow-indepen-
dent MRA., Attempts have been made to suppress venous or
arterial signal by applying a saturation pulse outside of the
imaging region. However, the saturation pulse is ineffective
because, unlike the case with thin, 2D slices, inflowing satu-
rated blood undergoes T1 relaxation and substantially recov-
ers its signal intensity before it penetrates far into a large, 3D
volume.

Thus, it would be desirable to have a system and method for
non-contrast-enhanced imaging arteries and veins and/or
flow-independent MR A imaging techniques that do not suffer
from the challenges set forth above and other challenges.

SUMMARY OF THE INVENTION

The present disclosure overcomes the aforementioned
drawbacks by providing a system and method for non-en-
hanced, magnetic resonance angiography for creating two
sets of angiographic data that can be combined, for example,
using subtraction, to selectively yield images that depict only
arteries or only veins. The disclosure further provides a sys-
tem and method for flow-independent MR A, acquired with or
without contrast enhancement, to selectively depict arteries
or veins.

In accordance with one aspect of the disclosure, a magnetic
resonance imaging (MRI) system is provided 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. The MRI system also includes 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
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includes a computer system programmed to carry out steps of
a) performing a first pulse sequence that directs the MRI
system to i) apply at least one RF saturation pulse to a pre-
scribed imaging slice to substantially suppress MR signals in
the prescribed imaging slice. The MR system is also directed
to ii) apply at least one RF saturation pulse to a slice outside
the prescribed imaging slice to suppress signal from spins
flowing into the prescribed imaging slice from the slice out-
side the prescribed imaging slice through one of veins and
arteries, iii) observe a first quiescent inflow time period
(QITP) selected to allow adesired inflow of spins flowing into
the prescribed imaging slice from the slice outside the pre-
scribed imaging slice through the one of arteries and veins,
and iv) acquire a flow-dependent imaging data set from the
prescribed imaging slice following the first QITP. The com-
puter system is further programmed to carry out steps of b)
performing a second pulse sequence that directs the MRI
system to acquire a flow-independent imaging data set from
the prescribed imaging slice. The computer system is further
programmed to carry out the steps of ¢) subtracting the flow-
dependent imaging data and the flow-independent imaging
data to create a difference image of the prescribed imaging
slice. The MRI system also includes a display configured to
display the image of the prescribed imaging slice illustrating
the at least one of the arteries and the veins as having a bright
contrast and another of the arteries and veins as having a
suppressed contrast.

In accordance with another aspect of the disclosure, a
method is provided for producing an image of a vascular
structure of a subject using a magnetic resonance imaging
(MRI) system. The method includes a) performing a first
pulse sequence that directs the MRI system to 1) apply at least
one radio frequency (RF) saturation pulse to a prescribed
imaging slice to substantially suppress MR signals in the
prescribed imaging slice and ii) apply at least one RF satura-
tion pulse to a slice outside the prescribed imaging slice to
suppress signal from spins flowing into the prescribed imag-
ing slice from the slice outside the prescribed imaging slice
through one of veins and arteries. The MRI system is further
directed to iii) observe a first quiescent inflow time period
(QITP) selected to allow adesired inflow of spins flowing into
the prescribed imaging slice from the slice outside the pre-
scribed imaging slice through the one of arteries and veins
and iv) acquire a flow-dependent imaging data set from the
prescribed imaging slice following the first QITP. The
method also includes b) performing a second pulse sequence
that directs the MRI system to 1) apply at least one RF satu-
ration pulse to a slice outside the prescribed imaging slice to
suppress signal from spins flowing into the prescribed imag-
ing slice from the slice outside the prescribed imaging slice
through a one of arteries and veins not saturated in step a)ii)
and ii) observe a second QITP selected to allow a desired
inflow of spins flowing into the prescribed imaging slice from
the slice outside the prescribed imaging slice through the one
of arteries and veins not saturated in step a)ii). The MRI
system is further directed to iii) acquire a flow-independent
imaging data set from the prescribed imaging slice following
the second QITP. The method also includes c) subtracting the
flow-dependent imaging data and the flow-independent
imaging data to create a difference image of the prescribed
imaging slice and d) displaying the image of the prescribed
imaging slice illustrating the at least one of the arteries and the
veins as having a bright contrast and another of the arteries
and veins as having a suppressed contrast.

In accordance with yet another aspect of the disclosure, a
method for is disclosed for producing an image of a vascular
structure of a subject using a magnetic resonance imaging
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(MRI) system. The method includes a) performing a first
pulse sequence that directs the MRI system to 1) determine a
stack of prescribed imaging slices including arteries and
veins and i) apply a series of RF saturation pulses to slices
outside the each slice in the stack of prescribed imaging slices
to suppress signal from spins flowing into the stack of pre-
scribed imaging slices through one of veins and arteries. The
MRI system is further directed to iii) observe a first quiescent
inflow time period (QITP) selected to allow an inflow of
suppressed signals from spins flowing into the stack of pre-
scribed imaging slices through the one of arteries and veins
and iv) acquire a flow-dependent imaging data set from the
stack of prescribed imaging slices following the first QITP.
The method also includes b) repeating step a) without sup-
pressing signal from spins flowing into the stack of prescribed
imaging slices through either of the veins or arteries to
acquire a flow-independent imaging data set after a second
QITP. The method further includes c) subtracting the flow-
dependent imaging data and the flow-independent imaging
data to create a difference image of the prescribed imaging
slice and d) displaying the image of the stack of prescribed
imaging slices illustrating the at least one of the arteries and
the veins as having a bright contrast and another of the arteries
and veins as having a suppressed contrast.

The foregoing and other aspects and advantages 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 illustration a preferred embodiment of the invention. Such
embodiment does not necessarily represent the full scope of
the 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 disclo-
sure.

FIG. 2A is a flow chart setting forth the steps of animaging
process in accordance with the present disclosure, for
example, using a system such as described with respect to
FIG. 1.

FIGS. 2B and 2C are pulse diagrams of pulse sequences
that may be utilized with the imaging process of FIG. 2A.

FIG. 3 is a flow chart setting forth the steps of another
imaging process in accordance with the present disclosure,
for example, using a system such as described with respect to
FIG. 1.

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
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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 magnetic 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
c01l1 128, or a separate local coil (not shownin 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 vatiety 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).

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 I 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:

M:\/IZ+Q2

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
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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-
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 operator display 112 ora display 136 that is 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
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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.

Referring to FIGS. 2A and 2B, the invention can be imple-
mented with, for example, an MRI system such as described
above. Specifically, FIG. 2A is a flow chart setting forth
exemplary steps of a method 200 for selective, non-contrast-
enhanced, magnetic resonance imaging angiography of arter-
ies and veins. The process starts with the acquisition of two
data sets. Specifically, at process block 202 flow-dependent
imaging data is acquired and at process block 204, flow inde-
pendent imaging data is acquired. For example, each of the
sets of data may be acquired using, for example, a stack of
cardiac-gated two-dimensional (2D) slices acquired, prefer-
ably, near the magnet isocenter, with one slice acquired per
cardiac interval, such as per RR interval. As will be further
described, the flow-independent data can be acquired in a
variety of ways. For example, either a 3D or 2D acquisition
could be used. Also, it is not necessary to apply a saturation
pulse to suppress inflowing spins for the flow-independent
data. For example, a 3D trueFISP sequence could be used
with no saturation pulses to create a flow-independent MRA.

Specifically, referring to FIG. 2B, a pulse sequence dia-
gram is illustrated for a flow-dependent data acquisition, such
as described above with respect to process block 202. As will
be described, one desired flow-dependent data acquisition
may be performed using quiescent-inflow single-shot (QISS)
MRA, such as described in co-pending U.S. application Ser.
No. 12/574,856, which is incorporated herein by reference in
its entirety. Thus, as illustrated in FIG. 2B, the flow-depen-
dent data acquisition may be a directionally-selective or flow-
dependent QISS (FDQISS) technique 220. The FDQISS
technique 220 may be cardiac gated based on cardiac wave-
form 222, for example, timed within an RR interval. Based
thereon, for example, 100 milliseconds thereafter or at
another desirable interval 223, an in-plane radiofrequency
(RF) saturation pulse to suppress signal within the imaging
slice 224 is applied. The saturation pulse or pulses are applied
in the imaging slice, and also saturation pulse or pulses 226
are applied to venous spins to reduce venous signal flowing
into the imaging slice. In this regard, the saturation pulse or
pulses 228 may be applied to a slab contiguous with and/or
caudal to the imaging slice. In this manner, saturated venous
spins and unsaturated arterial spins will flow into the imaging
slice over the duration of a selected the quiescent interval
(“QI”) or quiescent interval time period (“QITP”) 228.

The QITP 228 is selected is specifically tailored to coincide
with the rapid inflow of arterial blood into a prescribed imag-
ing slice, and so that the zero line of k-space may be acquired
during the slow, diastolic inflow of arterial blood into the
imaging slice. The QITP is selected based on a desired inflow
of unsaturated arterial spins into the imaging slice, such that
an improved discrimination of arterial spins is provided in the
resultant images. This is even so when the patient’s vascula-
ture is significantly impacted by vascular diseases such as
peripheral vascular disease (“PVD”). Exemplary values of
QITP in this configuration of the pulse sequence are on the
order of 250 to 350 milliseconds.

After the QITP 228, readout of the MR signal 230 is per-
formed during the period of slow diastolic flow, for example,
using a balanced steady-state free precession (bSSFP) pulse
sequence. The readout 230 may be a single-shot readout. This
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combination of factors ensures that arterial signal is high
while background signal is suppressed. Optionally, a fat satu-
ration pulse 232 and/or an alpha/2 preparation 234 may be
coupled with the readout 230. As described above, the above-
described technique 220 may be completed within another
instance of the selected wave 222, for example, an R wave, in
the cardiac cycle.

Referring now to FIGS. 2A and 2C, the flow-independent
imaging data acquired at process block 204 may be acquired
using a pulse sequence 240 that is similar to the QISS-based
pulse sequence described above with respect to FIG. 2B, such
as including identical or substantially similar geometric and
acquisition parameters. However, the flow-independent
imaging pulse sequence 240 does not include in-plane RF
saturation. In combination with a carefully-designed readout
242, such as a single-shot readout, this renders the technique
flow-independent. Consequently, the pulse sequence can be
referred to as flow-independent quiescent-interval single shot
(FIQISS). In addition to lacking an in-plane RF saturation
pulse or pulses, an RF saturation pulse 244 is applied to
inflowing arterial spins, rather than to the inflowing venous
spins targeted by the tracking saturation pulse 226 of F1IG. 2B.
Furthermore, a different QITP is selected to control inflow of
saturated arterial spins so that arterial signal is suppressed.
Consequently, the QITP values for the FDQISS pulse
sequence of FIG. 2B and the FIQISS pulse sequence of FIG.
2C may differ. Furthermore, the FIQISS readout 242 may
occur in a different phase of the cardiac cycle than with
FDQISS readout 230.

Referring again to FIG. 2, once both data sets are acquired,
the process continues at process block 206 with registration of
the acquired datasets and the selection and application of
desired weighting. Specifically, data acquired using the
FDQISS pulse sequence of FIG. 2B will produce images that
show bright arteries with suppressed signal from veins. On
the other hand, data acquired using the FIQISS pulse
sequence of FIG. 2C will produce images that show bright
veins with suppressed signal from arteries. By weighting the
two image sets appropriately at process block 206 a normal-
ization or contrast matching can be achieved between the two
different acquisitions. At process block 208, a user may select
whether the resulting images reflect arteries or veins and, at
process block 210, the FDQISS images and the FIQISS
images are subtracted. That s, if at process block 208 the user
selects arteries to be reflected in the images, at process bock
212, the FDQISS images are subtracted from the FIQISS
images and a set of subtractive images is created at process
block 212 in which veins appear bright and arteries dark, with
suppression of background signal. Conversely, if at process
block 208 the user selects veins to reflected in the images, at
process block 212, the FIQISS images are subtracted from the
FDQISS images and the set of subtractive images is created at
process block 212 in which arteries appear bright and veins
dark, again with suppression of background signal. Advanta-
geously, image quality is independent of flow velocity.

It should be noted that images acquired only by using the
FIQISS pulse sequence could show bright signal from fluids,
such as synovial fluid in the knee joint, and blood vessels.
However, a modification of the invention allows fluid signal
to be suppressed. While optional in the context of the above
process, this modification may be helpful in certain instances
where there is a large amount of fluid present. Fluids and
venous blood have different T1 relaxation times. For
example, the T1 time of fluids is approximately 3 seconds and
the T1 relaxation time of venous blood is approximately 1
second. Consequently, one or more additional RF fluid-sup-
pressing pulses (FSP) canbe applied so as to improve contrast
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between veins and fluid based on the difference in their T1
relaxation times. If desired, the FSP can be applied to a
different slice from the imaging slice, without affecting the
imaging slice. In this case, more than one RR interval elapses
between the time that the FSP is applied and the signal is read
out from the imaging slice. The longer time interval may be
helpful to optimize T1-based contrast between fluids and
blood vessels. Phase-based reconstructions may further
improve contrast, particularly when the FSP consists of an
inversion (180 degree) RF pulse and the wait time is short.

Other modifications may also be advantageous in certain
instances. For example, the use of non-Cartesian k-space
trajectories, acquiring more than one slice per RR interval,
and interleaving the FDQISS and FIQSS acquisitions may be
advantageous in certain circumstances. In this case, a multi-
shot acquisition may be utilized instead of a single shot acqui-
sition.

The present invention can be used to overcome problem
issues presented by thrombus appearing bright in certain
MRA images and, consequently, mimicking a patent vessel
when it is actually occluded. That is, the present disclosure
overcomes this concern by virtue of allowing comparison of
signal properties in the arterial and venous image sets.
Thrombus has a short T1 relaxation time due to the presence
of methemoglobin. Consequently, it will show high signal on
the FDQISS images, due to the T1-weighting effect of the
in-plane saturation RF pulse, but in a location corresponding
to a vein on the FIQISS images.

Referring to FIG. 3, the above-described techniques may
be further adjusted to provide a system and method for flow-
independent MRA, acquired with or without contrast
enhancement, which selectively depicts arteries or veins.
Specifically, the process 300 begins with two acquisitions at
process blocks 302 and 304. At process block 302, a direc-
tionally-selective 2D acquisition is performed. Also, at pro-
cess block 304 a flow-independent MRA acquisition tech-
nique is performed to acquire data from both arteries and
veins.

More particularly, the directionally-selective 2D acquisi-
tion uses thin slices and saturation pulses combined with a
QITP to selectively and robustly suppress signal from arteries
or veins. As will be described, it is contemplated that artery
suppression is desired. As a result, a volumetric data set is
created from a stack of thin slices using a 2D pulse sequence,
which will depict only veins. Arterial signal within each slice
is selectively suppressed by the application of one or more
out-of-slice radiofrequency (RF) pulses to saturate inflowing
arterial spins. These saturating RF pulses may be followed by
a selected QITP. The QITP may be selected, for example, on
the order of 10 ms to 500 ms, to allow the saturated arterial
spins to flow into the slice. The use of thin, 2D slices and a
selected QITP ensures that there will be complete replace-
ment of unsaturated in-slice arterial spins with saturated out-
of-slice spins, so that the arteries will always appear dark. The
slices are typically oriented in a direction roughly orthogonal
to the direction of blood flow, which may differ from the
orientation of the flow-independent MRA.

As stated, the flow-independent MRA is acquired at pro-
cess block 304 is designed to depict both arteries and veins.
The flow-independent imaging data acquired at process block
304 may be acquired using a pulse sequence that is similar to
or based on the QISS-based pulse sequence. At process block
306, the data sets are registered and filtered or weighted.
Registration may include scaling and the filtering or weight-
ing can be used to better match intensities of particular tis-
sues, such as background tissue or particular vessels, between
the data sets.
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Thereafter, a subtraction of the two data sets is performed
at process block 308, for example the subtraction may be a
pairwise subtraction, to produces data in which the desired
vessels, in the above example, only arteries, appear bright. At
process block 310, the subtractive data is projected to form
angiogram-like images in which the vessels are selectively
depicted.

The above-example process can be modified to create
flow-independent MR venograms instead of arteriograms.
This can be achieved by applying the saturating RF pulses to
inflowing venous spins instead of arterial spins during the 2D
acquisition. Some other modifications or variations may
include the use of various fat suppression, non-Cartesian
k-space trajectories, and interleaving the acquisition of the
data sets. Additional RF pulses, such as magnetization trans-
fer or inversion pulses, may be applied to change the image
contrast. Each 2D image is efficiently acquired as a single
shot. However, multiple shots can be used at the expense of
scan time. Cardiac gating may be used, as well as respiratory
synchronization.

Therefore, a system and method is provided that can depict
venous anatomy irrespective of the velocity or pattern of
venous blood flow, and is effective even when blood flow is
entirely absent. Moreover, by performing subtraction of the
FDQISS and FIQISS image sets, images can be created which
only show veins or only show arteries.

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 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 carry out steps of:

a) performing a first pulse sequence that directs the MRI
system to:

1) apply at least one RF saturation pulse to a prescribed
imaging slice to suppress MR signals in the pre-
scribed imaging slice;

il) apply atleast one RF saturation pulse to a slice outside
the prescribed imaging slice to suppress signal from
spins flowing into the prescribed imaging slice from
the slice outside the prescribed imaging slice through
one of veins and arteries;

1i1) observe a first quiescent inflow time period (QITP)
selected to allow a desired inflow of spins flowing into
the prescribed imaging slice from the slice outside the
prescribed imaging slice through the one of arteries
and veins;

iv) acquire a flow-dependent imaging data set from the
prescribed imaging slice following the first QITP;

b) performing a second pulse sequence that directs the MRI
system to acquire a flow-independent imaging data set
from the prescribed imaging slice;

¢) subtracting the flow-dependent imaging data and the
flow-independent imaging data to create a difference
image of the prescribed imaging slice; and
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adisplay configured to display the image of the prescribed
imaging slice illustrating the at least one of the arteries
and the veins as having a bright contrast and another of
the arteries and veins as having a suppressed contrast.

2. The system of claim 1 wherein to performing the second
pulse sequence in step b) directs the MRI system to:

1) apply at least one RF saturation pulse to a slice outside
the prescribed imaging slice to suppress signal from
spins flowing into the prescribed imaging slice from the
slice outside the prescribed imaging slice through a one
of arteries and veins not saturated in step a)ii);

ii) observe a second QITP selected to allow a desired inflow
of spins flowing into the prescribed imaging slice from
the slice outside the prescribed imaging slice through the
one of arteries and veins not saturated in step a)ii);

iii) acquire the flow-independent imaging data set from the
prescribed imaging slice following the second QITP.

3. The system of claim 1 further comprising a physiologi-
cal system configured to monitor a cardiac cycle ofthe subject
and wherein the computer system is further programmed to
coordinate step a)iv) and step b)iii) within the cardiac cycle of
the subject.

4. The system of claim 3 wherein the computer system is
further programmed to perform step a)iv) and step b)iii) to be
performed within different portions of the cardiac cycle of the
subject.

5. The system of claim 1 wherein the second pulse
sequence does notincludes applying an RF saturation pulse to
the prescribed imaging slice to suppress MR signals in the
prescribed imaging slice.

6. The system of claim 1 wherein the computer system is
configured to perform the first QITP and the second QITP to
have different durations.

7. The system of claim 1 wherein the computer system is
configured to perform step ¢) to include subtracting the flow-
dependent imaging data from the flow-independent imaging
data to yield a difference image where veins have the bright
contrast and arteries have the suppressed contrast.

8. The system of claim 1 wherein the computer system is
configured to perform step ¢) to include subtracting the flow-
independent imaging data from the flow-dependent imaging
data to yield a difference image where arteries have the bright
contrast and veins have the suppressed contrast.

9. The system of claim 1 wherein the computer system is
further programmed to perform at least one of registering and
weighting the flow-dependent imaging data and the flow-
independent imaging data prior to step ¢).

10. The system of claim 1 wherein the computer system is
further programmed to receive a selection of one of arteries
and veins to have a bright contrast and another of the arteries
and veins as having a suppressed contrast in the difference
image.

11. A method for producing an image of a vascular struc-
ture of a subject using a magnetic resonance imaging (MRI)
system, the method including steps comprising:

a) performing a first pulse sequence that directs the MRI

system to:

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

ii) apply atleast one RF saturation pulse to a slice outside
the prescribed imaging slice to suppress signal from
spins flowing into the prescribed imaging slice from
the slice outside the prescribed imaging slice through
one of veins and arteries;

iii) observe a first quiescent inflow time period (QITP)
selected to allow adesired inflow of spins flowing into
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the prescribed imaging slice from the slice outside the
prescribed imaging slice through the one of arteries
and veins;

iv) acquire a flow-dependent imaging data set from the
prescribed imaging slice following the first QITP; and

b) performing a second pulse sequence that directs the MRI

system to:

1) apply at least one RF saturation pulse to a slice outside
the prescribed imaging slice to suppress signal from
spins flowing into the prescribed imaging slice from
the slice outside the prescribed imaging slice through
a one of arteries and veins not saturated in step a)ii);

il) observe a second QITP selected to allow a desired
inflow of spins flowing into the prescribed imaging
slice from the slice outside the prescribed imaging
slice through the one of arteries and veins not satu-
rated in step a)ii);

ill) acquire a flow-independent imaging data set from the
prescribed imaging slice following the second QITP;

¢) subtracting the flow-dependent imaging data and the

flow-independent imaging data to create a difference
image of the prescribed imaging slice; and

d) displaying the image of the prescribed imaging slice

illustrating the at least one of the arteries and the veins as

having a bright contrast and another of the arteries and
veins as having a suppressed contrast.

12. The method of claim 11 wherein the second pulse
sequence does notincludes applying an RF saturation pulse to
the prescribed imaging slice to suppress MR signals in the
prescribed imaging slice.

13. The method of claim 11 wherein the first QITP and the
second QITP have different durations.

14. The method of claim 11 wherein step a)iv) and step
b)iii) are coordinated within a cardiac cycle of the subject.

15. The method of claim 14 wherein step a)iv) and step
b)iii) are coordinated to be performed at different portions of
the cardiac cycle of the subject.

16. The method of claim 11 wherein step ¢) includes sub-
tracting the flow-dependent imaging data from the flow-in-
dependent imaging data to yield a difference image where
veins have the bright contrast and arteries have the suppressed
contrast.

17. The method of claim 11 wherein step ¢) includes sub-
tracting the flow-independent imaging data from the flow-
dependent imaging data to yield a difference image where
arteries have the bright contrast and veins have the suppressed
contrast.

18. The method of claim 11 further comprising the step of
at least one of registering and weighting the flow-dependent
imaging data and the flow-independent imaging data prior to
step ¢).

19. The method of claim 1 further comprising receiving a
selection of one of arteries and veins to have a bright contrast
and another of the arteries and veins as having a suppressed
contrast in the difference image.

20. A method for producing an image of a vascular struc-
ture of a subject using a magnetic resonance imaging (MRI)
system, the method including steps comprising:

a) performing a first pulse sequence that directs the MRI

system to:

1) determine a stack of prescribed imaging slices includ-
ing arteries and veins;

i1) apply a series of RF saturation pulses to slices outside
the each slice in the stack of prescribed imaging slices
to suppress signal from spins flowing into the stack of
prescribed imaging slices through one of veins and
arteries;
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iii) observe a first quiescent inflow time period (QITP)
selected to allow an inflow of suppressed signals from
spins flowing into the stack of prescribed imaging
slices through the one of arteries and veins;

iv) acquire a flow-dependent imaging data set from the
stack of prescribed imaging slices following the first
QITP; and

b) repeating step a) without suppressing signal from spins
flowing into the stack of prescribed imaging slices
through either of the veins or arteries to acquire a flow-
independent imaging data set after a second QITP;

¢) subtracting the flow-dependent imaging data and the
flow-independent imaging data to create a difference
image of the stack of prescribed imaging slices; and

d) displaying the image of the stack of prescribed imaging
slices illustrating the at least one of the arteries and the
veins as having a bright contrast and another of the
arteries and veins as having a suppressed contrast.

21. The method of claim 20 wherein step a)iv) is performed

using a single shot readout.
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22. The method of claim 20 wherein the slices outside each
slice in the stack of prescribed imaging slices is oriented
orthogonal to a direction of blood flow through the one of the
arteries and the veins.

23. The method of claim 20 wherein the first QITP and the
second QITP have different durations.

24. The method of claim 20 wherein step a) and step b) are
coordinated within a cardiac cycle of the subject.

25. The method of claim 24 wherein step a) and step b) are
coordinated acquire the flow-dependent imaging data set and
the flow-independent imaging data set within different por-
tions of the cardiac cycle of the subject.

26. The method of claim 20 wherein step ¢) includes a
pairwise subtracting of the flow-dependent imaging data and
the flow-independent imaging data.

27. The method of claim 20 further comprising the step of
at least one of registering and weighting the flow-dependent
imaging data and the flow-independent imaging data prior to
step ¢).
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