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(57) ABSTRACT

A method for magnetic resonance imaging (MRI) using a
radial cone k-space trajectory is provided. The radial cone
k-space trajectory is defined by the application of a radial
magnetic field gradient and one or more oscillating magnetic
field gradients. The amplitude of the radial magnetic field
gradient increases with time before decreasing with time.
While the amplitude of the radial magnetic field gradient is
decreasing, the one or more oscillating magnetic field gradi-
ents are applied. As a result, the radial cone k-space trajectory
is one that is oriented along an axis and that extends outward
from an origin along a substantially radial trajectory before
extending outward from the origin while circumscribing a
conical volume having a radius that increases nonlinearly
with distance from the origin.

10 Claims, 4 Drawing Sheets
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1
METHOD FOR MAGNETIC RESONANCE
IMAGING USING RADIAL CONES K-SPACE
TRAJECTORIES

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

This invention was made with government support under
N5066982 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 MRI using a
radial cones trajectory to sample k-space.

MRI uses the nuclear magnetic resonance phenomenon to
produce images. When a substance such as human tissue is
subjected to a uniform magnetic field, such as the so-called
main magnetic field, B, of an MRI system, the individual
magnetic moments of the nuclei in the tissue attempt to align
with this B, field, but precess about it in random order at their
characteristic Larmor frequency, w. If the substance, or tis-
sue, is subjected to a so-called excitation electromagnetic
field, B,, that is in the plane transverse to the B, field and that
has a frequency near the Larmor frequency, the net aligned
magnetic moment, referred to as longitudinal magnetization,
may be rotated, or “tipped,” into the transverse plane to pro-
duce a net transverse magnetic moment, referred to as trans-
verse magnetization. A signal is emitted by the excited nuclei
or “spins,” after the excitation field, B,, is terminated, and this
signal may be received and processed to form an image.

When utilizing these “MR” signals to produce images,
magnetic field gradients (G,, G,, and G,) are employed for
spatial encoding. Typically, the region to be imaged is
scanned by a sequence of measurement cycles in which these
gradients vary according to the particular localization method
being used. The resulting set of received MR signals are
digitized and processed to reconstruct the image using one of
many well known reconstruction techniques.

The measurement cycle used to acquire each MR signal is
performed under the direction of a pulse sequence produced
by a pulse sequencer. Clinically available MRI systems store
a library of such pulse sequences, which can be prescribed to
meet the needs of many different clinical applications.
Research MRI systems include a library of clinically-proven
pulse sequences, and also enable the development of new
pulse sequences.

The MR signals acquired with an MRI system are signal
samples of the subject of the examination in Fourier space, or
what is often referred to in the art as “k-space.” Each MR
measurement cycle, or pulse sequence, typically samples a
portion of k-space along a sampling trajectory characteristic
of'that pulse sequence. Most pulse sequences sample k-space
in a raster scan-like pattern sometimes referred to as a “spin-
warp,” “Fourier,” “rectilinear,” or “Cartesian” scan. The spin-
warp scan technique employs a variable amplitude phase
encoding magnetic field gradient pulse prior to the acquisi-
tion of MR spin-echo signals to phase encode spatial infor-
mation in the direction of this gradient. In a two-dimensional
implementation (“2DFT”), for example, spatial information
is encoded in one direction by applying a phase encoding
gradient, G,, along that direction, and then an MR signal is
acquired in the presence of a readout magnetic field gradient,
G, in a direction orthogonal to the phase encoding direction.
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The readout gradient present during the MR signal acquisi-
tion encodes spatial information in the orthogonal direction.
In atypical 2DFT pulse sequence, the magnitude of the phase
encoding gradient pulse, G,, is incremented, AG,, in the
sequence of measurement cycles, or “views,” that are
acquired during the scan to produce a set of k-space MR data,
from which an entire image can be reconstructed.

There are many other k-space sampling patterns used by
MRI systems. These include “radial,” or “projection recon-
struction,” scans in which k-space is sampled as a set of radial
sampling trajectories extending outward from the center of
k-space, or extending from one quadrant of k-space through
the center of k-space to an opposing quadrant of k-space. The
pulse sequences utilized for a radial scan are typically char-
acterized by the lack of a phase encoding gradient and the
presence of a readout gradient that changes direction from
one repetition of the pulse sequence to the next. There are also
many k-space sampling methods that are closely related to the
radial scan and that sample along a curved k-space sampling
trajectory, such as a spiral trajectory, rather than a straight line
radial trajectory.

Three-dimensional ultra-short echo time (“UTE”) imaging
holds the potential both to visualize rapidly decaying nuclear
species that would not otherwise be visible and to dramati-
cally improve sampling efficiency. Unfortunately, achieving
both of these benefits in a single scan is quite challenging.
Short T, imaging is generally performed with three-dimen-
sional radial sampling schemes because of their robustness to
signal decay. While partially compensated by compatibility
with compressed sensing (“CS”), these sampling schemes are
four times less efficient than Cartesian acquisitions. As a
corollary, three-dimensional UTE with twisting trajectories
are highly efficient with long readouts. Examples of such
trajectories include cones, described by P. Irarrazabal and D.
G. Nishimura in “Fast Three Dimensional Magnetic Reso-
nance Imaging,” Magnetic Resonance in Medicine, 2005;
33(5):656-662; and Fermat looped, orthogonally encoded
trajectories (“FLORET”), described by I. G. Pipe, et al., in “A
new design and rationale for 3D orthogonally oversampled
k-space trajectories,” Magnetic Resonance in Medicine,
2011; 66(5):1303-1311. However, these sampling schemes
suffer from structured artifacts in the presence of off-reso-
nance, data inconsistencies, or undersampling.

It would therefore be desirable to provide a method for
magnetic resonance imaging that is amenable to three-dimen-
sional UTE imaging. In particular, it would be desirable to
provide a method for three-dimensional UTE imaging in
which an efficient sampling scheme that is robust to image
artifacts is utilized.

SUMMARY OF THE INVENTION

The present invention overcomes the aforementioned
drawbacks by providing a method for magnetic resonance
imaging (“MRI”) in which a radial cone k-space trajectory is
utilized to rapidly and efficiently sample k-space.

It is an aspect of the invention to provide a method for
controlling an MRI system in which the MRI system is
directed to establish a radial magnetic field gradient that
increases in amplitude with time before decreasing in ampli-
tude with time and to establish an oscillating magnetic field
gradient while the amplitude of the radial magnetic field
gradient is decreasing. The radial magnetic field gradient
defines a k-space trajectory portion that extends along an axis
outward from an origin along a substantially radial trajectory
while the amplitude of the radial magnetic field gradient is
increasing. The decreasing portion of the radial magnetic
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field gradient and the oscillating magnetic field gradient
together define a k-space trajectory portion that extends out-
ward along the axis while circumscribing a conical volume
having a radius that increases nonlinearly with distance from
the origin.

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
ofillustration 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 an example of a radial cone trajectory in accor-
dance with some embodiments of the present invention;

FIG. 2 is atop view of the example radial cone trajectory of
FIG. 1,

FIG. 3 is an elevational view of the example radial cone
trajectory of FIG. 1;

FIG. 4 is an example of multiple radial cone trajectories
that share a common origin, but are oriented along different
cone axes;

FIG. 5 is an example of a magnetic field gradient wave-
forms that may be used to produce a radial cone trajectory,
such as the radial cone trajectory of FIG. 1;

FIG. 6 is an example of a plot of minimization cost versus
cone angle; and

FIG. 7 is a block diagram of an example magnetic reso-
nance imaging (“MRI”) system that may implement the
present invention.

DETAILED DESCRIPTION OF THE INVENTION

A method for controlling a magnetic resonance imaging
(“MRI”) system to produce magnetic field gradients that
define a radial cone trajectory in k-space is provided. The
radial cone k-space trajectory may be implemented to sample
k-space during a data acquisition. An example of aradial cone
trajectory is illustrated generally in FIGS. 1-3 and described
in more detail below. The radial cone trajectory is designed to
maximize the coverage of k-space per repetition time (“TR”)
period. For example, the radial cone trajectory is designed to
maximize the coverage of k-space per single RF excitation.

The radial cone trajectory of the present invention is advan-
tageous over traditional radial trajectories in a number of
ways. First, the point spread function of the radial cone tra-
jectory is more diffuse than that for radial trajectories. As a
result, the radial cone trajectory inherently reduces streak
artifacts compared to radial trajectories. Additionally, the
radial cone trajectory samples the periphery of k-space more
densely than traditional radial trajectories. As a result, higher
spatial frequencies are sampled better with the radial cone
trajectory and, therefore, better edge detail will be present in
the reconstructed images.

Anexample of a radial conek-space trajectory is illustrated
in FIGS. 1-3, to which reference is now made. Generally, the
radial cone 100 extends outward from an origin 102 in a
direction defined by a cone axis 104 and includes two general
portions: a radial portion and a spiral portion. In the radial
portion, the radial cone 100 extends outward from the origin
102 along a substantially straight, radial line along the cone
axis 104. In the spiral portion, the radial cone 100 deviates
from the cone axis 104 by circumscribing the surface of a
conical volume 106 along a spiraling path.

20

25

30

35

40

45

50

55

60

65

4

The conical volume 106 extends from its apex at the origin
102 to its base 108, which as a base radius, R. The cone radius,
r, of the conical volume 106 increases nonlinearly with dis-
tance from the apex at the origin 102 to the base 108, resulting
in a funnel-like shape that becomes increasingly dilated with
distance from the origin and the end of the radial portion of
the trajectory. The end result is a k-space trajectory that is
radially traverses the center of k-space and pseudo-randomly
traverses the periphery of k-space. Because the periphery of
k-space is traversed in an unstructured manner using the
radial cone trajectory, sampling k-space with radial cones is
beneficial to compressed sensing applications.

To maintain radial-like properties during the spiral portion
of' the radial cone trajectory 100, the cone radius, t, is prefer-
ably restricted to a fraction of the k-space maximum, k,, ..
For example, the cone radius, r, may be restricted to one-
eighth the k-space maximum,

re [O, é-kmax]. W

The conical volume 106 may be viewed as being bounded
by a cone 110 that has a linearly varying radius from its apex
at the origin 102, to its base, which overlaps the base 108 of
the conical volume 106. The opening angle, ¢, of the conical
volume is defined as follows:

¢=2-tan(1—;); 2)

where R is the base radius of the conical volume 106 and h
is the height of the conical volume 106, which is defined as the
distance from the origin 102 to the base 108 along the cone
axis 104.

Ina multi-shotimplementation, each imaging shot samples
k-space along one radial cone trajectory and subsequent rep-
etitions of the pulse sequence differ in that a different radial
cone trajectory is used. Preferably, each different radial cone
differs only by the selection of the cone axis 104 and the cone
angle about the cone axis 104 at which the spiral portion of the
radial cone trajectory begins. In some instances, the cone axes
are distributed isotropically, similar to three-dimensional
radial acquisitions. In other instances, however, it may be
preferable to distribute the cone axes in a random, pseudo-
random, or metric-optimized fashion. The cone angles, 6,
may be selected first by a random rotation about the associ-
ated cone axis, and may be further refined using by iteratively
minimizing the potential energy between the individual imag-
ing shots, thereby minimizing large gaps in k-space coverage,
a process which is described below in more detail.

An example of a distribution of multiple radial cone tra-
jectories 100a, 1005, 100c¢ is illustrated in FIG. 4. These
trajectories 100a, 1005, 100¢ each have different orienta-
tions. Trajectory 100« is oriented along cone axis 104aq, tra-
jectory 1005 is oriented along cone axis 1045, and trajectory
100¢ is oriented along cone axis 104¢. Further, each trajectory
100a, 1005, 100c has a different cone angle. The orientation
of each radial cone trajectory 100qa, 1005, 100c is defined by
its cone axis 104a, 1045, 104¢. Thus, for a multi-shot imple-
mentation, part of the process of designing the radial cone
trajectories is selecting the radial trajectories that will define
the respective cone axes. The cone axes are distributed in
three dimensions, such as radial line segments extending
outward from a common origin towards the surface of a



US 9,274,193 B2

5

sphere 150. The orientation of each cone axis 104a, 1045,
104¢ would be defined, for example, by three Euler angles, c,
B, andy.

Referring now to FIG. 5, an example of gradient wave-
forms that may be used to direct an MRI system to establish
magnetic field gradients that result in a radial cone trajectory
in accordance with embodiments of the present invention is
illustrated. Generally, the radial cone trajectory is defined by
magnetic field gradients established using a radial magnetic
field gradient waveform 502 and tangential magnetic field
gradient waveforms 504, 506. The radial magnetic field gra-
dient waveform 502 may be optimized for signal-to-noise
ratio (“SNR”) performance by reducing the gradient strength
inverse to the k-space radius squared. For example, the radial
magnetic field gradient waveform 502 may be designed with
an arc-length-based optimization.

In this example, the radial magnetic field gradient wave-
form 502 includes a rising portion 508 and a falling portion
510. During the rising portion 508 of the radial magnetic field
gradient waveform 502, no other magnetic field gradient
waveforms are played out; thus, the magnetic field gradient
established by the rising portion 508 of the radial magnetic
field gradient waveform 502 defines a radial trajectory. The
rising portion 508 of the radial magnetic field gradient wave-
form 502 is designed such that the center of k-space is tra-
versed faster than during the falling portion 510. As a result,
solid angle effects are mitigated.

During the falling portion 510 of the radial magnetic field
gradient waveform 502, the tangential magnetic field gradient
waveforms 504, 506 are played out to establish tangential
magnetic field gradients. The tangential magnetic field gra-
dient waveforms 504, 506 are designed to utilize the excess
slew rate and gradient power of the radial magnetic field
gradient established by the radial magnetic field gradient
waveform 502. In general, the tangential magnetic field gra-
dient waveforms 504, 506 are oscillatory waveforms that
when played out by the MRI system establish time-varying
magnetic field gradients. By way of example, the tangential
magnetic field gradient waveforms 504, 506 may be sinusoi-
dal waveforms whose amplitudes increase over their dura-
tion, thereby defining a k-space trajectory that spirals outward
with increasing distance from the radial axis defined by the
radial magnetic field gradient.

In other examples, the tangential magnetic field gradient
waveforms 504, 506 may be played out at different times
during the radial magnetic field gradient waveform 502. For
instance, the tangential magnetic field gradient waveforms
504, 506 may be played out during the rising portion 508 of
the radial magnetic field gradient waveform 502. Addition-
ally, in a broadband excitation, the radial magnetic field gra-
dient waveform 502 may start at an amplitude value greater
than zero.

General design considerations for the radial cone trajectory
are as follows. First, a radial axis is selected as the cone axis
104 for the radial cone trajectory being designed. In addition,
a radial magnetic field gradient waveform 502 is computed,
which will determine the amount of excess gradient power
that can be utilized to generate the spiral portion of the radial
cone trajectory 100. Next, the envelope of the radial cone
trajectory 100, which is defined by the conical volume 106, is
selected. For example, the conical volume 106 may be
selected by choosing a desired opening angle, ¢, and rate at
which the cone radius, r, is to increase with distance from the
origin 102. By way of example, the opening angle, ¢, may be
selected as 14.25 degrees, which corresponds to a base radius,
R, equal to one-eighth of the maximum k-space radius
sampled in accordance with Eqn. (1). It will be appreciated by
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6

those skilled in the art, however, that other opening angles
may be used. Lastly, the rotation per time that provides the
most turns within the allotted excess gradient power is com-
puted.

When designing radial cone trajectories, particularly for
multi-shot implementations, a method for optimally selecting
the cone angles so as to reduce overlaps between adjacent
radial cones in a multi-shot radial cone sampling scheme may
be used. By way of example, an iterative greedy algorithm
may be used to minimize the overlap between adjacent radial
cones as a function of their radial cone angles. The result of
this process is illustrated in the plot of FIG. 6, which shows a
plot of a cost representative of overlap between adjacent
radial cones as a function of radial cone angle. The global
minimum is selected as the radial cone angle for the trajectory
being designed. This process may be repeated for each radial
cone trajectory in the multi-shot sampling scheme so as to
provide coverage of k-space with the minimal amount of
overlap and, therefore, redundancy. Other optimization
schemes, including charge repulsion algorithms, may also be
utilized.

By way of example, a pulse sequence making use of the
radial cone trajectory may be designed as follows. The pulse
sequence may be a multi-shot sequence that utilizes 2,500
shots and, therefore, 2,500 different radial cones trajectories.
Each shot may have, for example, a short readout, such as 1.2
milliseconds; an ultrashort echo time, such as 80 microsec-
onds; and isotropic spatial resolution, such as 1.0 mm isotro-
pic resolution. These example acquisition parameters provide
about a sixty-fold acceleration over what is achievable by a
similar number of shots using a radial trajectory.

Referring particularly now to FIG. 7, an exemplary mag-
netic resonance imaging (“MRI”) system 700 is illustrated.
The MRI system 700 includes a workstation 702 having a
display 704 and a keyboard 706. The workstation 702
includes a processor 708, such as a commercially available
programmable machine running a commercially available
operating system. The workstation 702 provides the operator
interface that enables scan prescriptions to be entered into the
MRI system 700. The workstation 702 is coupled to four
servers: a pulse sequence server 710; a data acquisition server
712; a data processing server 714; and a data store server 716.
The workstation 702 and each server 710, 712, 714, and 716
are connected to communicate with each other.

The pulse sequence server 710 functions in response to
instructions downloaded from the workstation 702 to operate
a gradient system 718 and a radiofrequency (“RF”) system
720. Gradient waveforms necessary to perform the prescribed
scan are produced and applied to the gradient system 718,
which excites gradient coils in an assembly 722 to produce
the magnetic field gradients G,, G,, and G, used for position
encoding MR signals. The gradient coil assembly 722 forms
part of a magnet assembly 724 that includes a polarizing
magnet 726 and a whole-body RF coil 728.

RF excitation waveforms are applied to the RF coil 728, or
a separate local coil (not shown in FIG. 7), by the RF system
720 to perform the prescribed magnetic resonance pulse
sequence. Responsive MR signals detected by the RF coil
728, or a separate local coil (not shown in FIG. 7), are
received by the RF system 720, amplified, demodulated, fil-
tered, and digitized under direction of commands produced
by the pulse sequence server 710. The RF system 720
includes an RF transmitter for producing a wide variety of RF
pulses used in MR pulse sequences. The RF transmitter is
responsive to the scan prescription and direction from the
pulse sequence server 710 to produce RF pulses ofthe desired
frequency, phase, and pulse amplitude waveform. The gener-
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ated RF pulses may be applied to the whole body RF coil 728
or to one or more local coils or coil arrays (not shown in FIG.
D.

The RF system 720 also includes one or more RF receiver
channels. Each RF receiver channel includes an RF amplifier
that amplifies the MR signal received by the coil 728 to which
it is connected, and a detector that detects and digitizes the I
and Q quadrature components of the received MR signal. The
magnitude of the received MR signal may thus be determined
at any sampled point by the square root of the sum of the
squares of the I and Q components:

uVPag )

and the phase of the received MR signal may also be
determined:

p=an(2) @

The pulse sequence server 710 also optionally receives
patient data from a physiological acquisition controller 730.
The controller 730 receives signals from a number of different
sensors connected to the patient, such as electrocardiograph
(“ECG”) signals from electrodes, or respiratory signals from
a bellows or other respiratory monitoring device. Such sig-
nals are typically used by the pulse sequence server 710 to
synchronize, or “gate,” the performance of the scan with the
subject’s heart beat or respiration.

The pulse sequence server 710 also connects to a scan room
interface circuit 732 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
732 that a patient positioning system 734 receives commands
to move the patient to desired positions during the scan.

The digitized MR signal samples produced by the RF sys-
tem 720 are received by the data acquisition server 712. The
data acquisition server 712 operates in response to instruc-
tions downloaded from the workstation 702 to receive the
real-time MR data and provide buffer storage, such that no
data is lost by data overrun. In some scans, the data acquisi-
tion server 712 does little more than pass the acquired MR
data to the data processor server 714. However, in scans that
require information derived from acquired MR data to control
the further performance of the scan, the data acquisition
server 712 is programmed to produce such information and
convey it to the pulse sequence server 710. For example,
during prescans, MR data is acquired and used to calibrate the
pulse sequence performed by the pulse sequence server 710.
Also, navigator signals may be acquired during a scan and
used to adjust the operating parameters of the RF system 720
or the gradient system 718, or to control the view order in
which k-space is sampled. The data acquisition server 712
may also be employed to process MR signals used to detect
the arrival of contrast agent in a magnetic resonance angiog-
raphy (“MRA”) scan. In all these examples, the data acqui-
sition server 712 acquires MR data and processes it in real-
time to produce information that is used to control the scan.

The data processing server 714 receives MR data from the
data acquisition server 712 and processes it in accordance
with instructions downloaded from the workstation 702. Such
processing may include, for example: Fourier transformation
of raw k-space MR data to produce two or three-dimensional
images; the application of filters to a reconstructed image; the
performance of a backprojection image reconstruction of
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acquired MR data; the generation of functional MR images;
and the calculation of motion or flow images.

Images reconstructed by the data processing server 714 are
conveyed back to the workstation 702 where they are stored.
Real-time images are stored in a data base memory cache (not
shown in FIG. 7), from which they may be output to operator
display 712 or a display 736 that is located near the magnet
assembly 724 for use by attending physicians. Batch mode
images or selected real time images are stored in a host
database on disc storage 738. When such images have been
reconstructed and transferred to storage, the data processing
server 714 notifies the data store server 716 on the worksta-
tion 702. The workstation 702 may be used by an operator to
archive the images, produce films, or send the images via a
network to other facilities.

The proposed radial cones trajectory allows data acquisi-
tion using a short, three-dimensional, ultrashort echo time
(“3D UTE”) readout with high data collection efficiency and
improved performance with compressed sensing. Compari-
sons to three-dimensional radial sampling show improved
performance over traditional radial sampling schemes.
Because the radial cones trajectory uses a single trajectory per
shot, it is easy to implement and characterize on standard
MRI systems.

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 controlling a magnetic resonance imaging
(MRI) system, the steps of the method comprising:

a) directing the MRI system to establish a radial magnetic
field gradient that increases in amplitude with time
before decreasing in amplitude with time;

b) directing the MRI system to establish an oscillating
magnetic field gradient while the amplitude of the radial
magnetic field gradient is decreasing; and
wherein the radial magnetic field gradient defines a

k-space trajectory portion that extends along an axis
outward from an origin to an end point along a sub-
stantially radial trajectory while the amplitude of the
radial magnetic field gradient is increasing, and the
radial magnetic field gradient and oscillating mag-
netic field gradient together define a k-space trajec-
tory portion that extends outward from the end point
along the axis while circumscribing a conical volume
having a radius that increases nonlinearly with dis-
tance from the origin.

2. The method as recited in claim 1 in which the amplitude
of the radial magnetic field gradient increases linearly and
decreases nonlinearly.

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

a) applying a radio frequency (RF) excitation field to the

subject with the MRI system;

b) applying magnetic field gradients with the MRI system
that define a k-space trajectory oriented along an axis,
the k-space trajectory extending outward from an origin
to an end point along a substantially radial k-space tra-
jectory portion that is oriented along the axis before
extending outward from the end point while circum-
scribing a conical volume oriented along the axis and
having a radius that varies between the origin and a base
of the conical volume;
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¢) acquiring k-space data by sampling magnetic resonance
signals formed in response to the RF excitation pulse
applied in step a) during the performance of step b) such
that the k-space data is acquired while sampling k-space
along the k-space trajectory defined by the magnetic
field gradients applied in step b); and
d) reconstructing an image of the subject from the k-space
data acquired in step c).

4. The method as recited in claim 3 in which steps a)-c) are
repeated a plurality of times to acquire a set of k-space data,
and in which the magnetic field gradients applied in step b)
are adjusted during each repetition such that the k-space
trajectory defined by the magnetic field gradients is oriented
along a different axis during each repetition.

5. The method as recited in claim 4 in which the magnetic
field gradients applied in step b) are adjusted during each
repetition such that the orientation of the axis is pseudo-
randomly changed.

6. The method as recited in claim 4 in which the magnetic
field gradients applied in step b) are adjusted during each
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repetition such that a cone angle that defines an angle in a
plane perpendicular to the axis at which the k-space trajectory
begins circumscribing the conical volume is changed for each
repetition.

7. The method as recited in claim 6 in which the cone angle
is selected so as to minimize overlap between adjacent
k-space trajectories.

8. The method as recited in claim 3 in which the magnetic
field gradients applied in step b) include a radial magnetic
field gradient and at least one oscillating magnetic field gra-
dient.

9. The method as recited in claim 8 in which the amplitude
of the radial magnetic field gradient increases with time
before decreasing with time and in which the at least one
oscillating magnetic field gradient is applied while the ampli-
tude of the radial magnetic field gradient is decreasing.

10. The method as recited in claim 9 in which the amplitude
of the radial magnetic field gradient applied in step b)
decreases nonlinearly.

#* #* #* #* #*
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