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ULTRA-FAST IMAGING

MARK S. COHEN, PH.D. AND ROBERT M. WEISSKOFF, PH.D.
Advanced NMR Systems, Inc., 30 Sonar Drive, Woburn, Massachusetts 02129, USA

The relatively long scan times with curtently available technology restrict the range of MRI applications, increase the
cost of scanning by limiting throughput, and lead to image artifacts from patient motion during scans. Ultra-fast im-
aging, in several guises, is now poised for introduction into clinical practice. With the Instascan method, a descendant
of the echo planar technique, complete MR images may be obtained hundreds to thousands of times faster than in
conventional approaches and now yield spatial resolution and contrast directly comparable to standard MRI. “Single-
shot” imaging methods, such as Instascan, are utilized in the study of dynamic processes, in the direct evaluation of
motion (as in diffusion sensitive imaging), and in dramatic new applications including the interactive control of in-
traparenchymal laser surgery. Improvements to the small flip angle method, FLLASH, have also pushed scan times into
the sub-second domain; this method may be implemented on presently available imaging equipment but yields con-
trast behavior different from the traditional spin echo techniques and displays signal-to-noise ratios significantly lower
than single-shot imaging. Ultimately, incotporating ultra-fast MR imaging techniques into the armamentarium of the
radiologist will likely require changes to many aspects of the MRI practice, from expanded involvement with the scan
process to management of the increased data load, and may lead to dramatic changes in the scope of the MRI practice.
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INTRODUCTION

Magnetic resonance imaging (MRI) has proven to
be an extremely sensitive and increasingly spe-
cific modality for 7z vivo diagnostic scanning. Yet,
for all its efficacy, MRI remains costly (1) and
cumbersome and MRI scan times, that are long
compared to physiological motion and patient
tolerance, have ultimately limited its use and ac-
ceptance. In this paper we discuss emerging
technologies in magnetic resonance imaging that
drastically reduce scan times. Conventional MR
methods build images from repeated excitations
and sampling of the MR data. While considerable
progress has been made over the past few years
on gradient echo methods that speed this proc-
ess, particular attention will be paid here to so-
called single-shot imaging methods with which
complete images are formed following a single

excitation. In the present review, #/tra-fast im-
aging refers to scan times short compared to
physiological motion, typically less than a hun-
dred milliseconds or so. The bulk of this paper,
therefore, addresses the “instant” methods, pat-
ticularly Instascan, with which complete MR im-
ages are acquired in as little as 1/30th of a sec-
ond. Our discussion of instant imaging will ad-
dress both implementation principles and appli-
cations of this novel method.

In section 1, to motivate the discussion for ul-
tra-fast imaging, we will discuss some of the
limitations of contemporary scanning technology,
particularly those related to scanning times per se.
Section 2 reviews the history and technological
basis of the single-shot imaging method known
as Instascan. To clarify the ensuing discussion of
the method, we review the A-space formalism
for describing the MR raw data and we will
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rely heavily (though informally) on that concept
to present recent advances in spatial resolution
and control of imaging parameters. Physical,
technical and safety limitations of single-shot
imaging are also discussed in this section. Both
tested and emerging clinical applications of In-
stascan are discussed in section 3, indicating
some of the potential of ultra-fast imaging. As
single-shot imaging has developed greatly in re-
cent years, so too have other speed enhancement
methods. Some, particularly FLASH imaging,
have progressed to the point that they also have
become ultra-fast technologies. The basic princi-
ples underlying these low flip angle methods are
reviewed in section 4, and a variety of high
speed techniques are compared and contrasted in
this section. Finally, section 5 explores the fu-
ture of ultra-fast MRI.

1. MOTIVATIONS FOR HIGH
SPEED IMAGING

Of the commonly available diagnostic imag-
ing examinations (e.g. ultra-sound, fluoroscopy,
computed tomography, nuclear medicine etc...)
magnetic resonance ranks among the slowest.
The long scan times of MRI are justified only by
the high quality and diagnostic efficacy of the
images. We identify three main deleterious con-
sequences of these long scan times: imaging arti-
facts, limitations on the range of applications,
and increased cost. Each provides impetus for
the development of high-speed scanning alterna-
tives.

1.1 Artifacts

1.1.1 Physiological Motion. Many normal
physiological processes take place rapidly com-
pared to the several minutes needed to produce
a conventional MR image. Respiration, pulsa-
tion, peristalsis and other movements that occur
during the exam can result in substantial distor-
tion of the MR image. Because of the Fourier
encoding process used in MR imaging, motion
produces gross artifacts (Figure 1) that can ob-
scure the whole image and corrupt its contrast
(2, 3). While some of the more pronounced ef-
fects of simple motions, such as blood flow, can
be attenuated by various motion compensation
schemes (4) even the best schemes cannot pre-
vent blurring.

For certain cyclical motions (e.g. respiration
and pulsation) it is possible to synchronize the
MR data acquisition with the source of the mo-
tion itself, by such means as ECG triggering or
respiratory gating. Though these methods can be
remarkably effective, they can make scan setup

Fig. 1. Conventionally acquired MRI scan of the abdomen. Be-
cause scan times are relatively long compared to normal
physiological motion such as breathing, image artifacts tend to
accumulate during the scan. Due to the Fourier-encoding
process used in the collection of conventional MR data, how-
ever, the resulting artifacts are not simply a blurring of the im-
age. Instead, as shown here, even simple motion of the chest
wall results in gross contamination of the image, with artifacts
extending well away from the moving tissue. Note also that the
image contrast may be obscured (as in the anterior portion of
the liver) because of the signal displacement. TR: 2000 msec,
TE: 20 msec, slice thickness: 10 mm

more complex. In addition, they result in con-
trast distortion; in cardiac triggered scans TR,
for example, is determined by the patient’s heart
rate, which may itself be irregular (5).

1.1.2 Patient Motion. Due to the motion sensi-
tivity of conventional MRI, to obtain high qual-
ity images the patient must remain perfectly still
for the entire acquisition of a single image. Arti-
facts from patient motion reduce the diagnostic
yield of MR scans substantially, particularly for
those exams, such as cervical and lumbar spine,
where pain is the primary symptom and the pa-
tient may experience difficulty remaining still.
This problem is exacerbated in hospital-based
centers that often serve a high proportion of
non-ambulatory patients. Due to claustrophobia,
as many as 15% of patients refuse MR scans, or
are not sufficiently cooperative to produce diag-
nostic images. It is likely that the claustrophobia
is aggravated by long exam times.

1.2 Applications Range

Despite its high intrinsic tissue contrast and
proven sensitivity to a wide variety of patho-
logical conditions, the majority of clinical MRI is
still limited to the central nervous system. Of
the many factors that account for this, the limi-
tations of MRI in the presence of motion weigh
heavily, yet the medical indications for sensitive
diagnostic procedures in the abdomen and tho-
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rax offer potential areas of growth for MRI.
With present technology it is difficult to obtain
MR images of the liver, for example, that are
reasonably free of artifact. While synchroniza-
tion to physiological processes, such as cardiac
pulsation, may sometimes be used, such tech-
niques are generally impossible in the presence of
non-periodic motion, for example peristalsis, or
in the imaging of transient events, such as the
passage of contrast agents.

Certain emerging technologies, such as single-
shot diffusion-sensitive imaging techniques (6,
7) are effectively precluded in combination with
conventional acquisitions, due to the extreme
motion sensitivity of the techniques (see section
3.4, “diffusion imaging”). Many of the more ex-
citing application of single-shot imaging, such as
interactive guidance of surgical procedures (see
section 3.7), are possible only in combination
with extremely rapid imaging. In the future
there will be many applications (for example
whole body screening) whose medical potential
is almost unexplored.

1.3 Cost

The average per-patient charge for a body
MRI exam in the U.S. was estimated, in 1985,
at $700 (1) including a $516 technical fee and a
$184 professional charge, making MR one of the
more expensive diagnostic imaging modalities. A
major portion of that billed fee is related to the
fixed cost of the equipment (which must be
amortized across the total number of patients
scanned) and to the hourly cost of staffing the
instruments. True variable costs (film and other
overhead) represent only a fraction of the total
costs. A substantial impact of the long MR scan
time may therefore be reflected in the cost per
scan, since the equipment cost must be recov-
ered by patient billing. It is difficult to estimate
the effect that scan time reduction might have
on the cost of the examination but it is reason-
able to assume that improvements in instrument
throughput are likely to result in lowered MR
imaging costs per patient.

2. INSTASCAN

2.1 Tissue relaxation times

A key feature of the magnetic resonance
(MR) phenomenon is the refractory nature of
the MR signal. Samples, biological or otherwise,
have unique rate constants (8) that characterized
the extent to which the MR signal is reduced by
rapid repeated excitations in pulsed experiments
(9). This rate constant has subsequently come to
be known as Ti1 (or the longitudinal relaxation
rate). Because T is a tissue-specific property, it

is an important determinant of the contrast seen
on MR images. The MR phenomenon depends
upon quantum properties at the nuclear level,
yet the T3 rate constants are surprisingly long; i
vivo T1’s range from tens of milliseconds to sev-
eral seconds (10, 11).

The MR signal is not only diminished by re-
peated excitations, but decays relatively rapidly
at a second tissue-specific rate, known as 1> (the
transverse relaxation rate). Typical iz vivo T3's
range from a few milliseconds (msec) to a sec-
ond or so (10, 11). It is this combination of the
relatively long T3 and the short T2 of biological
materials that is responsible for the prolonged
imaging times in conventional MRI, that needs
multiple excitations to produce single images.
For example, these methods require 256 excita-
tions for a 256 x 256 final image. The TR (that
is, the repetition time between successive excita-
tions) is typically from 500 msec to 3 seconds;
shorter TR’s will lead to unacceptable losses in
the strength of the MR signal. Imaging times
therefore typically range from 2 to 15 minutes.

2.2 Alternative Spatial Encoding Methods

As will be discussed below (cf. section 4.1.1
“FLLASH and Other Small Flip Angle Technigues”)
the small flip angle methods address the issue of
scanning speed by reducing the TR while using
otherwise conventional data acquisition tech-
nology. Several other approaches to spatial en-
coding have also attained varying degrees of ac-
ceptance. To explain these methods, and to aid
in discussion of Instascan, we will informally in-
troduce k-space, an heuristic used to describe
MR raw data as it appears in virtually all con-
temporary MR instruments.

2.2.1. K-space Traversals. The k-space method
is a useful formalism proposed by Brown ez a/.
(12) and developed by Twig (13, 14) and Ljung-
gren (15), for describing and manipulating the
MR raw data collected in the Fourier-encoded
scanning methods commonly used in MR imag-
ing. In this formalism the data acquisition and
reconstruction are analyzed from the perspective
of acquiring spatial frequency data. These data
are converted to an image by the Fourier trans-
form. The distance from the origin of £-space,
and thus the spatial frequency information ac-
quired at any given time, depends solely upon
the history of the applied horizontal and vertical
gradients, as described in the equation:

k, () =7 [ G,(s)ds (1)

where kp is the &-space displacement along the
Gn axis, s is the spatial frequency and g is the
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gyromagnetic ratio. Usually, one axis of -space
describes the phase and the other the frequency
of the MR signal. Signals corresponding to low
spatial frequencies (i.e., large objects) are con-
centrated near the origin of £-space. Information
about higher spatial frequencies (e.g. edges and
smaller objects) is spread further from the origin:
leaving the gradients on for a longer time, or in-
creasing their amplitude, results in better en-
coding of information from smaller features of
the sample. Where the integral of the applied
gradients is zero (i.e. where the signal is undis-
turbed by the gradients) the MR signal is usually
at its greatest, for this reason, each time the MR
signal crosses either axis in A-space it is said to
form a “gradient echo”.

Every location in /-space corresponds to a
combination of the integrals of the applied gra-
dients. Since these integrals evolve over time,
the position of the MR signal on the A-space
plane describes a trajectory. If the time spent in
spatial encoding is short compared to other tem-
poral factors (such as T>-related signal decay or
patient motion) then the appearance of the final
image is independent of the specific £-space tra-
jectory. On the other hand, if £-space is not
completely and/or evenly sampled, various arti-
facts may appear in the final image (13).

Time

We now present the familiar 2D acquisition
method in detail, and show how the process is
described in A-space (see Figure 2). This descrip-
tion will be particularly important by contrast to
the instant strategies discussed below. Following
each signal-producing RF pulse, a magnetic field
gradient is applied along one axis of the magnet
(conventionally called the frequency-encoding,
or “readout”, direction) that causes the fre-
quency of the MR signal to vary along that axis.
While the gradient is applied, a single line of
data may then be collected. This line contains
spatial information about the sample along only
this axis. Because the gradients tend to dephase,
and therefore reduce, the MR signal, a “pre-
encoding” gradient pulse of opposite polarity is
generally applied prior to sampling. The gradient
echo thus formed as the trajectory crosses the 4-
frequency axis is generally timed to correspond
with the Hahn spin echo. To spatially encode
along the orthogonal axis the strategy is slightly
modified: a second, independent, gradient (the
phase-encoding gradient) is pulsed briefly prior to
data collection (this gradient causes a phase dis-
tribution of the signal along that direction). That
is, each line contains all of the spatial frequency
information about one axis for a given spatial
frequency along the other. To complete the im-
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Fig. 2. Spatial encoding scheme used in conventional MRI and its &-space representation. (A) Magnetic field gradients are used to add
spatial information to the MR signal. Separate gradient systems are used along the two orthogonal axes, conventionally called, “phase en-
coding” and “frequency encoding.” These gradients have the effect of frequency-dispersing the MR signal along their respective axes.
Fourier transformation is then used to recover the spatial information. The “pulse sequence” shown is for a FLASH technique, though
the gradient scheme and 4-space trajectory used in spin-echo imaging are similar. (B) K-space representation of the pulse sequence shown
in (A). The k-trajectory is a useful formalism for analyzing the spatial-encoding process. The MR Signal, after gradient encoding, can be
seen as a map of spatial frequencies along the gradient axes. To form a complete image it is necessary to collect data from a two-
dimensional space (£&-space) of spatial frequencies along the two orthogonal axes. One way to view this process in MR is to consider the
signal to have a position in the complex £-space plane given by the integral of the applied gradient along each of the respective gradient
axes. The gradient pulses applied between time points Ta and Tp in (A) impart a phase shift of the signal in the complex plane from the
origin to the point marked T. Between times Tc and Tp a trajectory is made across the plane as shown above and the data for a single
line of &-space are collected. The next line of data is collected by repeating the entire experiment, but with a pulse of the phase encoding
gradient having a different magnitude so that the data have a different displacement along the £-phase axis. The experiment is repeated
until the plane is symmetrically filled with data points; the two dimensional Fourier transform of this raw data space yields the MR image.
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age, the process must be repeated to collect all
of the spatial frequencies along the phase axis. In
the k-space formalism, a pulse of the phase-
encoding gradient gives the data a displacement
along the k-phase axis. The frequency-encoding
gradient then creates a trajectory along the k-
frequency axis. In conventional imagers, it is
not generally practical to take more than one
line of data following each excitation, because
the time to acquire and encode a line of data is
typically on the order of ten milliseconds. Taking
more than one line per excitation would result
in a total signal collection time that is long com-
pared to T2* — the rate of spontaneous signal de-
cay. The 2D Fourier transform of the collected
time data forms the final image.

2.2.2.  Conjugate Synthesis. The final image
from a “real” sample should, theoretically, con-
tain no imaginary component and the signals at
+k and -k should be complex conjugates of one
another (16). If the image data truly contained
no imaginary component, it would be trivial to
calculate the conjugate and therefore it would
be necessary to collect the data over only one-
half of &-space (either +k or -k) to form a com-
plete image of the real object. Real world effects
— imperfect timing, magnetic field inhomogene-
ity, non-uniform RF penetration, patient motion
etc... — always introduce some phase distortion
into the image. Generally, therefore, a magni-
tude image is calculated from the real and imagi-
nary part of the Fourier-transformed £-space
data. A phase error, not visible in the magnitude
images, will still exist due to the non-idealities
described above. Generally, most such effects
cause a low spatial frequency error. A variety of
techniques exist to correct for this, usually in-
volving the sampling of slightly more than half
of k-space. These extra data are used to measure
the phase error, which is then applied as a cor-
rection to the image. Such techniques, known as
conjugate synthesis (17), have been used to ob-
tain an approximately two-fold reduction in
scan time for almost any pulse sequence and are
now part of the armamentarium of most com-
mercial scanners.

An important advantage of the conjugate syn-
thesis technique is its ability to cut scan time
without compromising image contrast. Collect-
ing just over half number of lines, however, re-
sults in an SNR loss of about 30%. The partial
sampling of k-space can result also in some addi-
tional loss of signal from flowing spins, and in
small regions that include substantial suscepti-
bility gradients.

2.3 History

2.3.1. Echo Planar Imaging. In 1977, Peter
Mansfield (18, 19) proposed the technique
known echo-planar imaging or EPI. With this
method, the complete 2D encoding process is
completed during the free induction decay fol-
lowing a single excitation pulse. In the original
implementation, a small gradient was applied
along the phase-encoding axis while rapidly al-
ternating pulses were applied with the fre-
quency-encoding gradient (Figure 3). Because of
the resulting “zig-zag” k-space trajectory, and
because only half of k-space was covered in
these early implementations, images produced
from a single excitation were not useful but
nevertheless tremendously promising and excit-
ing. The problems resulting from the sampling of
only one half of £-space become increasingly se-
vere as the field strength is increased. In 1987
Mansfield’s group (20) introduced the FLEET
(Fast Low angle Excitation Echo-planar Tech-
nique) and BEST (Blipped Echo-planar Single-
pulse Technique) methods that solve the recon-
struction problems by acquiring two images, one
for the positive and one for the negative halves
of k-phase. Using these techniques, and variants,
Mansfield was able, by 1987, to collect complete
MR images in as little as 100 msec. Since then
they have shown high quality images of the head
(21) and body (22) using the MBEST technology
on their 0.5 Tesla research system.

2.4 Instascan Method Overview

The Instascan method, introduced in 1986
(23, 24, 25, 206), like echo planar imaging, util-
izes rapidly oscillating gradients to spatially en-
code the MR signal. Instascan was developed be-
tween 1983 and 1986 to overcome the problems
resulting from the larger, 2.0 T, static fields that
were being used in imaging. Instascan differs
from the EPI method in several respects. First,
in the original Instascan presentation, all of the
spatial encoding was performed under the RF-
elicited Hahn spin echo (27). Second, pre-
encoding pulses were applied along the phase
and frequency encoding axes; as a consequence
k-space is scanned symmetrically from -£ to +4
values. Finally, rather than leaving the phase-
encoding gradient on continuously during acqui-
sition, one gradient was pulsed briefly between
each frequency encoding period. The result was
a rectilinear, rather than a zig-zag, A-space tra-
jectory; almost identical to the trajectory used in
conventional imaging, though acquired in a small
fraction of the total scan time.
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Fig. 3. (A) Pulse sequence used in the original echo-planar
method. Following an RF signal excitation pulse the phase
and frequency encoding gradients are applied simultaneously
and the MR signal is continuously sampled. The polarity oef
th frequency-encoding gradient is oscillated during data col-
lection. (B) K-space representation of the echo-planar pulse
sequence in (A). The MR signal traverses the spatial frequency
plane in a zig-zag pattern as the polarity of the frequency en-
coding gradient is rapidly alternated. At time point Ty, there
is no spatial encoding. By Time point Tp the combined ef-
fects of the frequency and phase encoding gradients result in
a net positive displacement in both the phase and frequency
directions. By Tf, the end of the encoding period, half of the
k-space plane has been covered. While the points along the
axis at A-frequency = 0 are evenly covered, as the displace-
ment from £-frequency = 0 are increased, the spacing of the
points becomes less regular. Several algorithms have been
proposed to correct for this uneven spacing!328 but in prac-
tice0 it is ordinarily desirable to use multiple excitations to
compensate for the resulting phase errors.

2.4.1. Instascan Pulse Sequence. For the original
Instascan studies, a 90° — 180° RF excitation
scheme was used to produce both maximum sig-
nal, and, as described below, conventional con-
trast behavior. This pulse sequence is dia-
grammed in Figure 4A. As in conventional MRI,
spatial information is encoded by the use of two
gradient sets along orthogonal axes. Like its
echo-planar relative, Instascan frequency en-
coding is performed with a rapidly alternating
gradient. Originally a spatially selective 90° pulse
was followed by a frequency-selective 180°
pulse in order to provide the requisite chemical
shift selectivity (cf. section 2.6.1 “Chemical

Ta s Tc To Te Tf Te Tu
Time i R l —] { ..+__._ I I >
90° 180°
. 0 ]
MW AA A A

Phase Encoding

~——NN
Frequency Encoding
k Sampling >
Period ]
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A k frequency
Te —
Te — T,
(B)

Fig. 4. (A) Instascan pulse sequence. In Instascan imaging, as
originally proposed, all spatial encoding is performed on
the RF spin-echo signal formed by a 90° and 180° RF
pulses, and the encoding period is centered under the re-
sulting spin-echo enveloped. The frequency-encoding gra-
dient is rapidly alternated in polarity and the phase-
encoding gradient is pulse briefly at each alternation point.
A pre-encoding pulse is applied on each of the gradient
channels prior to the sampling period. (B) K-space repre-
sentation of the Instascan pulse sequence. Initially, at time
Ta, the MR signal has no displacement on the k-space
plane. The pre-encoding pulses, applied immediately after
cach excitation, give a net positive displacement on both
axes by the time T and the 180° inversion pulse has the ef-
fect of displacing the signal to the opposite corner of -
space where sampling commences at time point Tc. Be-
cause only the frequency-encoding gradient is applied at
this time, the trajectory in £-space is horizontal. Brief pulses
of the phase encoding gradient at time Tp, Tk, etc... dis-
place the signal upwards on the A-frequency axis. Overall
the method results in a rectilinear traversal of £-space
analogous to conventional MRI-encoding schemes, mini-
mizing phase errors and image shape distortions.

Shift”), though later implementations have modi-
fied this scheme.

2.4.2 K-space trajectory. The consequences of
using brief pulses of the phase encoding gradient
are easier to understand in the context of the 4-
space representation (see Figure 4B). Because
the phase- and frequency-encoding gradients are
used alternately, rather than simultaneously, the
trajectories along the frequency axis of -space
are flat, rather than tilted, and trace out a
“raster-like” pattern. The raw data space is
therefore covered more homogeneously, and the



ULTRA-FAST IMAGING * M.S. COHEN AND R.M. WEISSKOFF 7

image reconstruction process is similar to that of
conventional imaging. The displacement in
k-space along the frequency axis is determined
by the duration and amplitude of the frequency-
encoding gradient pulses while the total dis-
placement along the &-phase axis is determined
by the duration and amplitude of the phase en-
coding gradient pulses and by the total number
of scan lines.

2.4.3 Contrast Behavior. Because the Instascan

TE = 75 msec

images are formed under the RF spin echo en-
velope, they have contrast behavior like that of
conventional spin echo images (Figure 5 and
Figure 6 (see also Figure 9)). Unlike the gradient
echo methods (FLLASH, GRASS, etc...) it is
possible to use relatively long echo times to ob-
tain true T2 weighting. Furthermore, because the
technique uses only a single excitation pulse, it is
possible to obtain “infinite TR” images: scans
whose contrast is independent of Ti. A common
(though by no means universal) property of

TE = 125 msec

Fig. 5. Variations in abdominal image contrast as a function of echo time (TE). The above images were acquired using the partial &
Mosaic Instascan method which requires two RF excitation pulses, separated by a TR period (see section 2.5.4 of the text for a de-
scription of the method). With TR kept at a constant 6 sec the TR of these scans was varied from 20 to 125 msec (as labeled on the
images). Note, for example, the conspicuous decrease in muscle signal, relative to cerebrospinal fluid, as Te is increased. As a conse-
quence of the very long TR, and due to the fact that the images are acquired under a Hahn spin echo, the signal intensity variations
are dominated by T2 processes (as opposed to T2* or T1 effects). Grossly, the images are similar to conventionally acquired scans,
though motion artifacts are reduced substantially. The pixel size (i.e., the spatial resolution) is 1.5 X 1.5 mm (128 X 128 matrix), slice
thickness is 10 mm. The total scan time is simply the 6-sec TR delay between two successive RF pulses. Water only (fat-suppressed)

images.
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Fig. 6. Variations in Instascan image contrast as a function of TR. By varying the TR between two successive RF pulses used in ac-
quiring each of these images, the T} contribution to image contrast can be varied. Except in the cerebral spinal fluid, little change
in signal intensity is seen in the abcomen as TR is decreased from 6 to 3 sec. Further reduction in TR to 2 sec reduces the signal in
the medulla of the kidney, the CSF and the intervetebral disk. With a 1 sec TR, good contrast is seen between the cortex and me-
dulla of the kidney, but the signal is overall much reduced. Data were collected using the partial £ Mosaic technique. The TE was
kept constant at 26 msec. Slice thickness and spatial resolution as in Fig. 5.

biological tissues is the tendency for disease to
be associated with simultaneous increases in
both T1 and T>. In spin echo images the 17 in-
crease causes a signal loss while the T2 increase
results in a relative signal gain. As a conse-
quence, lesion conspicuity is often compromised
by residual T contrast in T>-weighted scans (or
by residual T2 contrast in Ti_weighted images);
Instascan therefore offers the advantage of sig-
nificantly improved diagnostic contrast behav-
ior.

It is a straightforward matter to introduce
any amount of T contrast into the single-shot

images: the image acquisition need merely be
preceded by any additional RF pulse. In fact, the
standard basis set of MR images: spin density-,
T>-, and Ti-weighted scans, can be acquired
with only two excitatory RF pulses. After the
first 90° pulse, two Instascan echoes at short
and long TE are acquired, yielding the proton
density and T>-weighted contrast respectively,
with an effective TR of infinity. A second 90°
pulse is applied half a second or so later and a
short TE Instascan image is acquired. This image
will have T contrast like that of a 500 msec TR
conventional image. The overall imaging time
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will therefore be only one-half second. Note
therefore that in Instascan, paradoxically, the
“long TR” (12-weighted) scans require less scan
time than the short TR (T1-weighted) scans. T}
contrast may also be added by spin inversion, as
will be discussed later (cf. section 2.5.1 “Inversion
Recovery”, below).

2.4.4 Gradient Strategies. Performing all of the
MR spatial encoding in only a few milliseconds
requires strong and rapidly switched gradients.
Looking once again to the £-space description,
the spatial resolution along any axis is deter-
mined by the maximum displacement of the MR
signal along the corresponding 4- axis. This posi-
tion is, in turn, determined by the integral of the
applied gradient. If we wish to use brief gradient
pulses, large gradient amplitudes must be applied
to give the same overall integral. The large am-
plitudes require high current capability, and the
rise time requirements place severe voltage de-
mands on the gradient power sources. The pro-
totype 2.0T Instascan device required gradients
of about 4 Gauss/centimeter (40 mil-
liTesla/meter) and had to reach these levels in
about 150 usec. In order to develop these gradi-
ent strengths, Rzedzian developed an energy ef-
ficient resonant gradient technology in which
the inductive load of the imaging gradients is
coupled to a capacitive network tuned to the
desired operating frequency (27). By compari-
son, most of the current generation of imagers
attain amplitudes of about 1 Gauss/cm in 0.5 to
1.0 msec. Changes to the specific £-space tra-
versal pattern used in Instascan (see below) in its
present configuration have reduced this re-
quirement somewhat though the gradient re-
quirements vastly exceed the capabilities of con-
ventional gradient technology.

2.4.5 Data Conversion Rates. Not only must
the gradients be rapid and powerful, but the im-
age data must be collected extremely rapidly, re-
quiring a wide receiver bandwidth, and fast
analog-to-digital converters that must sample at
nearly 500 kHz. The bandwidth in turn deter-
mines the SNR of the MR system. Generally,
SNR varies inversely with the square-root of the
receiver bandwidth: the wider bandwidth re-
quired for Instascan is therefore costly in SNR.
As compared to conventional systems, the entire
receiver chain, from the body RF coil to the
audio filters must accept the increased band-
width.

In Instascan, the alternating left-right trajec-
tory through £-space requires a few additional
steps in image reconstruction (27), the details of

which are beyond the intended scope of this pa-
per. (The interested reader may wish to consult
the articles by Tropper (28), Twieg (13, 14)
Bruder (29) and Schmitt (30) for more details.)
For the Instascan device, where interactive im-
aging procedures are a major applications target,
it is desirable that the image processing be as
rapid as the data acquisition. Using specialized
hardware and processing algorithms up to 5 im-
ages per second may be acquired, processed and
displayed on the present system.

2.4.6 Present Hardware Implementation. The In-
stascan technology has been ported to otherwise
conventional commercial imaging equipment.
Presently, scanning is performed on a retrofitted
General Electric Medical Systems Signa 1.5
Tesla scanner that is the source of all Instascan
examples in this paper. Conversion of the Signa
required extensive modifications to the gradients
and RF probe, as well as the addition of high
speed gradient power systems and appropriate
control and image processing hardware. To en-
able the direct comparison of Instascan images
with those acquired by other methods, the
modifications has been designed so as to allow
the changeover from conventional to ultra-fast
operation in a few seconds. As compared the
prototype 2.0 Tesla system, this implementation
offers the advantages of wider patient access
(identical to that of the conventional equip-
ment) and full conventional imaging capability.

2.4.7 Multi-Slice. In conventional MR, data
from additional slices can be obtained in the
time between excitations of a given, single, slice.
Therefore, collection of multiple slices takes vir-
tually the same time as acquiring data from only
a single slice. In the Instant methods there is of-
ten no repetition of the pulse sequence, and thus
no TR (see Figure 7). As a result, the total scan
time is increased with each extra slice. In prac-
tice the scan times are generally less than 1/10th
of a second per image; the increased scan time in
multi-slice is seldom a burden. Note also that if]
for example, 30 slices are required, patient mo-
tion during the three second total exam time
will not show up in the individual images, since
each of these is acquired in only a few tens of
milliseconds. Multi-slice acquisition is imple-
mented in Instascan much as it is in conven-
tional MRI: frequency-selective RF pulses are
applied in the presence of a gradient to excite
the tissue selectively at a given location in the
magnetic field.
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Fig. 7. Multislice, single-shot Instascan series. Because it is possible to obtain Instascan MR images with only a single excitation pulse,
image contrast may be made independent of T1 as in these “infinite” TR scans. Each image was acquired in only 58 msec (so that
the subject was able to breathe normally, and not special ecg or respiratory monitoring was required). The multislice examination,
covering nine slice planes, was completed in 3 sec (though up to 32 slice planes could be imaged in that time). TE: 26 msec; slice
thickness: 10 mm; spatial resolution 1.5 mm X 3 mm (128 X 256 matrix), water-only images

2.4.8 Real-Time Mode. The same principle used in
gradient echo imaging, which allows rapid re-
peated excitations of a sample with little signal
loss by using a shallow RF nutation pulse (cf.
section 4.1.1 “FLLASH and Other Small Flip Angle
Technigues” below), can be applied to Instascan
so that the same tissue slice may be imaged re-
peatedly with good SNR. When the repetition
rate approaches the “flicker” rate of the eye
(about 20 Hz) “Real-time” (31) images are pro-
duced. In the real-time mode it is practical to
watch physiological processes as they occur.
Even irregular motions of the heart and blood
pool (32), for example, are followed easily.
Practically speaking, real-time scans are among
the easiest to acquire reliably. Cardiac movies

may be collected without triggering, gating, ret-
rospective ordering, respiratory compensation,
or any other special setup. Furthermore, the
real-time movies are resistant to changes in
transmitter power (little, if any, prescan is re-
quired), and the patient has no responsibility to
remain still during the exam.

The contrast behavior of the real-time Instant
scans is similar to that seen in FLASH imaging.
Increases in the flip angle result in increases in T}
contrast, but generally at the cost of a loss in
SNR. As flip angles are decreased, the images
become increasingly proton-density weighted.
On the typical real-time scan, stationary or
smoothly flowing blood (see below) tends to be
bright, as compared to the myocardium (32, 33).
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2.5 Recent Developments in Instascan

2.5.1 Inversion Recovery. Preceding the Instas-
can sequence with a 180° RF pulse produces in-
version recovery contrast (Figure 8). Such im-
ages have roughly twice the Ti sensitivity of
short TR (partial saturation) scans and are there-
fore useful in making highly Ti-weighted images
(Figure 9). We often use the inversion recovery
technique with an inversion time, or TI, (the
time between the first 180° pulse and the 90°
nutation pulse) corresponding to the time at
which the magnetization of fat is at a minimum.
With this inversion time (about 165 millisec-
onds) fat suppression is nearly complete, pro-
ducing the Instant analog to “STIR” imaging
(34, 35). Because this added contrast arises from
a reduction in the signal from some tissues (as in
most MRI methods) it comes at a cost in SNR.
In practice some averaging is often used for in-
version recovery imaging. A comparable method
has been demonstrated in echo planar imaging
using the MBEST technique which is similar to
Instascan (30); preconditioning with an inver-
sion pulse in high speed FLASH imaging has also
been utilized to advantage (see below), but the
resulting contrast behavior is different than that
seen in conventional MRI.

2.5.2 3D Volume Mode. The 3D volume tech-
nique, as used in conventional systems, is effec-
tive in increasing the available SNR in contigu-
ous, thin-slice images, at the cost, generally, of
an increase in the minimum imaging time (37). It
can be shown that where more than one excita-
tion is required for acceptable SNR, and where
the TR is approximately equal to the TE (as in
gradient echo methods), the volume method of-
fers a reduction in imaging time for coverage
equivalent to multi-slice techniques. However,
in conventional imagers the method is practical
only for relatively short TR, because, unlike the

180 o 180
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Fig. 8. Inversion recovery Instascan pulses sequence. Preced-
ing the standard spin-echo Instascan pulse sequence with a
180° (inversion) pulse results in typical inversion recovery
contrast behavior. The latency form the first 180° pulse to the
excitatory 90° pulse is the inversion time, or TI.

multi-slice technique, the imaging time is multi-
plied by the final number of slices: collecting six-
teen slices requires sixteen times as long (per
NEX) as collection of a single slice. For this rea-
son, volume imaging has been little used in spin
echo MRI.

We have explored the utility of volume
methods in Instascan (38). Using a modified In-
stascan pulse sequence that includes an addi-
tional phase encoding step on the slice selection
gradient (Figure 10), we are able to achieve
good SNR on even very thin slices. While the
method requires repeated excitations (in general
as many excitations as slices) it is still possible to
collect as many as sixteen thin slices, at long TR,
in a single 48 second breath hold (with a healthy
individual), as in figure 11. We have thus far
used the 3D technique in the abdomen and
heart, where 2 to 3 mm slice thicknesses ob-
tained are otherwise difficult to achieve with ei-
ther single-shot Instascan or with conventional
imaging. Generally, the tissue volumes sampled
simultaneously are larger in the 3D than in the
2D methods. For this reason the overall signal
level is higher and a greater dynamic range is re-
quired from the analog-to-digital convertors in
order to achieve the full theoretical advantage in
improved SNR. When combined with the “real-
time” mode (see section 2.4.8), 3D Instascan a
sixteen partition scan can be performed in less
than 1 second, making it a viable strategy for
kinematic studies of joint motion (39).

2.5.3 Resolution Improvements. To understand
better the spatial resolution limitations in MR
imaging in general, and in the Instascan method
in particular, we turn once again to the -space
formalism. Recall that points near the origin of
k-space correspond to larger spatial frequencies
(larger image features) and that the relative size
of the feature represented decreases with dis-
placement along either the phase or frequency
axis. In Instascan rapidly switched gradients are
utilized to trace out a path in £-space covering a
limited area (Figure 12A). Simply making the
gradients stronger and faster is not necessarily
possible due to physical limitations of the gradi-
ent power systems (40, 41, 42) and to U.S. fed-
eral safety regulations prohibiting the use of gra-
dient fields that change at extremely high rates
and amplitudes.

The coverage in k-space along the phase-
encoding axis can be extended readily by ac-
quiring more raw data lines. This, in turn, is
done by increasing the total duration of the
readout period. Doubling the duration of the
encoding therefore results in a two-fold reduc-
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3080 msec

j \

Fig. 9. Variations in inversion recovery Instascan image contrast as a function of inversion time (TT). The TI strongly affects the T1
contrast in the images. Note for example, in these abdominal images, the inversion in contrast between the cortex and medulla of
the kidney as TI is increased from 300 to 600 msec. The near complete absence of signal in the liver at the inversion time or 300 msec
indicates a T1 for that organ in the neighborhood of 200 msec. Because the T1 of muscle is much longer, its signal null occurs at
about 600 msec. Since each of these scans requires only one Tr period, or 6 sec in this partial £ Mosaic example (see section 2.5.4. of
the text for a description of the method), it is practical to vary the TT over a broad range to maximize lesion or other feature con-
spicuity. TE: 26 msec; TR: 6 sec; slice thickness 10 mm; spatial resolution: 1.5 X 3 mm (128 X 256 matrix). These images are not lipid

suppressed.

tion in pixel size, from 3 mm x 3 mm to 1.5 mm
x 3 mm. The SNR is proportional to the pixel
size; the two-fold reduction in SNR is offset
somewhat by doubling the readout duration (in
the full-£ data set). This results in a combined
SNR loss of only V2 for comparable TE. Gener-
ally, the Instascan pulse sequences have been de-
signed such that the RF spin echo occurs at the
center of k-space (at the center of the gradient
echo) in the phase-encoding direction. With this
scheme, extending the resolution along £-phase
requires an increase in TE (Figure 12B).

2.5.3.1 Control of Instascan Echo Time. To off-
set the TE penalty, the conjugate symmetry
properties of £-space may be exploited. To do

so, the acquisition is started “off-center” in
k-space by using a smaller amount of pre-
encoding along 4-phase; the portions of £-space
not explicitly acquired are then calculated by the
method of conjugate synthesis (17, 43) (Figure
13A and 13B) resulting in a doubling of final
resolution with no burden in TE or total imag-
ing time. This method is called “partial k Instas-
can”. The same method has enabled the use of
very short echo times (less than 10 msec on spin
echo Instascan) as only a few lines of data need
be acquired prior to the RF echo. In the par-
tial-£ implementation the SNR loss is easily off-
set by the possibility of dramatically reduced TE.



ULTRA-FAST IMAGING * M.S. COHEN AND R.M. WEISSKOFF 13

o 180°

JL \ﬂ( RF Excitation

Volume Encoding

I__LI:/—‘ [ 1 ‘“selection” Gradient
-

o Lipid Corventional Spin
Suppression Echo Envelope ey o |
il 'w
|

11—

|
MR Signal

Fig. 10. Volume, or 3D, Instascan pulse sequence. The pulse
sequences used for 2-dimensional and 3-dimensional Instas-
can differ only by the inclusion of a phase encoding gradi-
ent pulse on the slice selection axis prior to data collection.
This gradient is used to separate the selected slice into parti-
tions. While in the 2-dimensional method complete images
are formed by a 2D fast Fourier transform following each
RF excitation, 3D Instascan requires repeated excitations
before the images can be reconstructed, using a 3D Fourier
transform. In general, as many excitations are required as
partitions. Because the signal following each excitations is
correlated (since the entire volume is sampled with each ex-
citation) the signal to noise ratio (SNR) achieved with the
3D technique is proportional to the square root of the
number of partitions. This method therefore affords a sub-
stantial SNR gain, which can be utilized for thin slice imag-
ing. An optional lipid suppression period precedes each se-
quence. For clarity, on the RF and selection gradient chan-
nels are shown, as the readout- and phase-encoding are
identical to that used in the 2D sequence.

Figure 14 compares standard and extended
resolution single-shot images.

2.5.3.2 Mosaze. Increasing resolution along the
frequency-encoding axis is somewhat more diffi-
cult, as the present implementation of the In-
stascan device is limited by its resonant power
system to a constant readout period; the £-space
traversal with each gradient oscillation is there-
fore fixed. In the “Mosaic” technique, Rzedzian
(44) used a tiling scheme to separately acquire
data from different, but overlapping, regions of
k-space following each of four separate Instas-
can acquisitions (Figure 15). Because it requires
repeated acquisitions the technique is slow com-
pared to single-shot Instascan. The total acquisi-
tion time was just over three times the intershot
duration. The contrast in such images is deter-
mined by this intershot (““TR”) period. In gen-
eral, if a TR short than a few seconds is required
it will be necessary to take one or more addi-
tional acquisitions in order to bring the magneti-
zation of the sample into magnetic equilibrium.
The technique may nevertheless be extended to
achieve near arbitrary resolutions. In the original
implementation the four excitations result in a
four fold reduction in voxel size that is partially

offset by the increased number of samples. Since
SNR scales as the square root of the number of
excitations, the SNR of the Mosaic scan is only
V2 less than that of the single-shot image.
Weisskoff ez a/ (45) have extended the par-
tial-£ technique to application along the fre-
quency-encoding axis, combined with an ex-
tended readout period. These so called “partial
read” images are single-shot images that yield a
1.5 mm x 1.5 mm in-plane image in less than
100 msec (Figure 16). Because the conjugate
synthesis method may be applied only once, in
this case along the frequency-encoding axis, the
method has a relatively long minimum TE of 73
msec in order to acquire the full 128 frequency
lines. It is also possible to acquire both halves of
k-space explicitly with extended resolution in
#-phase. This two shot Mosaic technique yields a
V2 SNR advantage over the single-shot tech-
nique (Figure 17). We have recently extended
these methods by combining the Mosaic and par-
tial-k methods to yield high resolution at short
TE. In this “partial Mosaic” method, two sepa-
rate acquisitions are made, one with positive,
and one with negative k-read values (Figure 18).
Most the points, however, are collected on only
the positive k-phase half plane, allowing the use
of short TE’s; conjugate synthesis is used to
form the other half plane for a final image reso-
lution equivalent to the four shot Mosaic tech-
nique in only two shots. Only one TR period,
between the two excitations, is involved. The
total acquisition time is therefore one third that
of the original Mosaic, and the SNR remains
high due to the short TE capability. Figures 5, 6
and 9 were acquired with this technique. A final
extension combines the Mosaic and partial read
techniques. The partial-read Mosaic technique,
diagrammed in Figure 19 extends the resolution
in the frequency-encoding axis by the Mosaic
method and extends the resolution in the phase
encode axis by extending the readout duration.
With two shots it is therefore possible to
achieve 0.75 x 1.5 mm in-plane resolution, as in
the brain images shown in figure 20. By com-
parison, this is the same resolution achieved
with a 20 cm field of view and a 128 x 256 ma-

trix in conventional scanning.

2.5.3.3 Other Multiple-Excitation Strategies. A re-
lated technique, known as MESH (Mosaicked
Echo Scan Hybrid), was also proposed by
Rzedzian (44). With MESH, the amplitude of
each pulse of the phase encoding gradient (and
therefore the step between each data line along
the £-phase axis) is doubled. Two separate ac-
quisitions are used with the second set inter-
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Fig. 11. Volume, or 3D, Instascan images. Using the 3D technique described in Fig. 10 with a 3-sec TR and a 42 msec TE, 16 3D parti-
tions are obtained in 48 (16 X 3) seconds, a reasonable breath hold for a healthy individual. Because SNR is improved by a factor of
four relative to 2D Instascan, it is possible to obtain very thin slices, as in these eight contiguous 3-mm sections (from the 16-slice image

set).

leaved in the spaces between the data lines from
the first set (Figure 21). An analogous method
has been applied by others (46) to implement
echo-planar-type imaging on a wholly conven-
tional scanner.

The generalized issue of improving spatial
resolution by the combination of separately ac-
quired Instascan shots is a fertile area for re-
search as questions still exist on the sensitivity to

flow, limiting resolution, line broadening from
T> and T2* and a host of other issues. These
multi-shot methods tend to fill in the presently
existing gap between conventional and instant
imaging approaches. In clinical practice, operat-
ing points will be defined that appropriately
trade off SNR, resolution and motion sensitiv-

ity.
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Fig. 12. K-space representation of standard and extended
resolution Instascan. (A) Standard resolution. In Fourier trans-
form imaging, the coverage of the k-space plane determines
the spatial resolution of the final image (see Fig. 2 and section
2.2.1 of the text for a more detailed explanation). In single-
shot approaches, such as Instascan, one factor in determining
the extend of k-space coverage is the total time spent encod-
ing the MR signal, which must be short compared to the
transverse (T2) relaxation time in order to produce images
with reasonable contrast behavior and relative freedom from
artifacts. Recalling the k-space trajectory diagrammed in Fig.
4(A), Figure 12(A) shows schematically the k-space area which
can be covered in a single 32-msec period in Instascan resulting
in 3-mm in-plane resolution. Because k-space is sampled ani-
sotropically, the field-of-view of the image will be oblong. (B)
Extended resolution. By doubling the time spent in spatial en-
coding (by extending the readout oscillating portion of the
pulse sequence shown in Fig. 4A) the extend of encoding
along the k-space (vertical) axis is doubled. The final image will
have anisotropic spatial resolution: 1.5 mm X 3 mm in-plane.
The requirement to center the Hahn echo in k-space, how-
ever, demands that the minimum TE be extended, in this case
to 73 msec.

2.6 Instascan 1imitations

2.6.1 Chemical Shift. Chemical shift artifacts
appear in MR images when the frequency differ-
ences between pixels are smaller than the intrin-
sic differences in resonance frequencies between
chemical species such as water and fat. The re-
sult is typically a spatial displacement of fatty
structures compared to aqueous tissues. In In-
stascan, each line of 128 raw data points is ac-
quired in 500 psec or less, so that the nominal
bandwidth per pixel is approximately 2 kHz.
Because this bandwidth far exceeds the nominal
fat/water shift of 225 Hz (at 1.5 Tesla) there is
no chemical shift apparent in the images along
the frequency-encoding axis. However, along
the phase encode axis (in the columns of data as
represented in figure 4B), the time between suc-
cessive raw data points is 500 usec, and thus the
total readout duration of 32 msec gives an effec-
tive bandwidth per pixe/ along this axis of only
30 Hz. As a result, the chemical shift artifacts in
uncorrected Instascan images can be quite se-
vere, extending for approximately eight pixels in
the phase encoding direction (a spatial shift of
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Fig. 13. Use of conjugate synthesis to reduce TE in Instascan.
(A) Standard resolution. In single-shot methods, the minimum
TE may be reduced by taking advantage of the conjugate
symmetry of k-space. In this scheme, only slightly more than
half of k-space is acquired explicitly (solid lines), with the Hahn
spin echo centered in k-space only a few milliseconds after be-
ginning the spatial encoding process. A variation of the, by
now common, method of conjugate synthesis is used to cal-
culate the remaining k-space half plane. A 3-mm final in-plane
image resolution is obtained in 20 msec of spatial encoding —
just over half of the time used in the symmetric trajectory
shown in Fig. 12 (A). The minimum TE may be reduced to 20
msec or less in this manner. (B) Extended resolution. The
conjugate synthesis method is equally applicable to the ex-
tended resolution scan. Note that the minimum TE is unaf-
fected by the increase in resolution. Note that this technique is
ultimately limiated, however, by the T2 of the sample; if the
MR signal has decayed by the end of the encoding process, in-
formation about the high spatial frequencies (small image fea-
tures) will be lost

about one-eighth of the image). Similar consid-
erations require correction of images from other
single-shot imaging methods such as square-
spiral imaging (42, 47) and echo planar imaging
(18).

A variety of solutions have been implemented
to eliminate chemical shift artifacts in instant
imaging by suppression of either lipid or fat sig-
nals. In a departure from the traditional bino-
mial hard pulse series of Hore (48), Weisskoff
(35, 49) has developed a hard pulse series de-
signed to selectively excite, and subsequently
crush, the lipid resonance over a fairly wide fre-
quency band while only minimally affecting the
water signal. This “optimally flat”
+1 +4 -10 +4 +1 hard pulse series has practical
advantage over the more familiar binomial series
in that fat signal is more uniformly suppressed in
the presence of magnetic field inhomogeneity.
Alternatively, Instascan images are sometimes
acquired using inversion recovery (STIR) meth-
ods for fat signal suppression as described below
(35). While the STIR method is extremely ro-
bust, the added T contrast, or corresponding
SNR loss, from the technique is at times unde-
sirable. Finally, more traditional frequency-
tailored soft pulses may be used. Depending on
the application, any of these solutions may be ef-
fective in suppressing lipid signal to below the
noise.
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(A)

(B)

Fig 14. Comparison of standard and extended resolution single-shot images. Figure (A) shows a pair of standard resolution (64 X 128)
Instascan cardiac images with 3-mm in-plane resolution while (B) shows extended resolution (128 X 128 matrix 1.5 mm X 3 mm in-
plane resolution) scans. Notice the improved conspicuity of small features in (B). TR: o0; TE: 26 msec; slice thickness: 10 mm; total ac-
quisition time for (A) is 42 msec and for (B) the acquisition time is 66 msec.
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Fig 15. “Mosaic” Instascan. In the Mosaic technique, the k-space
plane is “tiled”: two or more shots are used (in this example four
shots are used), each covering a different section of k-space.
These data sets are then concatenated and a 2D Fourier trans-
form results in a high resolution image. In the figure, each num-
bered area bounded by a heavy border is acquired following a
single excitation (shot). Generally, the areas are allowed to over-
lap slightly. The same area may be covered in k-space with two
extended resolution shots, with the penalty of an increased
minimum TE. See Fig. 17 for examples.
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Fig 16. “Partial read” method. The conjugate synthesis technique
may also be utilized in the readout direction to produce en-
hanced resolution along that axis. In a single-shot implementa-
tion, an extended resolution acquisition (Fig. 12(B)), displaced
along the k-read axis, is used to acquire half of the k-space plane
explicitly. The other half plane is calculated by conjugate synthe-
sis. The final in-plane resolution is 1.5 mm X 1.5 mm. As in the
scheme in Fig 12(B), this results in a relatively long minimum TE
of 73 msec, but such scans are generally acceptable in the central
nervous system (see Fig. 22 for an example) where tissue T2’s tend
to be long. Because only a single excitation pulse is used, the to-
tal acquisition time is kept to just 1/10th of a second.
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Fig. 17. T2-weighted brain images obtained with the two-shot Mosaic method. As compared to the partial read method (Fig. 16) the
Mosaic technique affords an SNR improvement of more than 30%. One utilization of that increased SNR is to reduce the slice
thickness, as in these 4-mm sections from a multislice two-shot Mosaic series. The total scan time for the series is just under two
times the TR (for each image, it is one TR period) and up to 10 slice planes can be covered for each second of TR in multislice
mode. TR: 5 sec; TE: 73 msec; slice thickness: 4 mm; spatial resolution: 1.5 mm X 1.5 mm (128 X 256 matrix). Note the very high T>
contrast which results from the long TR and conventional T, weighting.

A novel method developed by Meyer ¢# al. (50)
utilizes crafted RF pulses to combine slice selec-
tion and frequency selection. Technologies such
as these may become important in practical im-
plementations of commercial instant imaging
devices.

2.6.2 SNR vs. Resolution. Ultimately the goal
of achieving Instascan’s temporal resolution and
reduced imaging time results in a set of trade-
offs. MRI being a technique that exploits ex-
tremely small signals, achievable signal-to-noise
ratio is often a limiting factor. It is a convenient

metaphor to consider SNR as a limited resource
that can be used to purchase contrast resolution,
temporal resolution, or spatial resolution — the
major determinants of image quality. Due to the
elimination of Ti-related signal changes, single-
shot (or very long TR) images have a general ad-
vantage of improved SNR and 71> contrast be-
havior. In Instascan, some spatial resolution is
traded for temporal and contrast improvements.
In many organ systems there is no actual loss in
effective spatial resolution, because of the de-
creased motional distortion as described above.
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Fig. 18. Partial Mosaic £-space representation. In order to obtain
high resolution in plane and short echo times, the conjugate syn-
thesis and Mosaic methods may be combined. In this example,
two shots are used to cover one half plane, each with a reduced
TE. These data are then concatenated and the conjugate synthe-
sis technique is used to calculate the remaining &-space half plane.
Fourier transformation of the data results in images with 1.5X 1.5
mm resolution in-plane like those shown in Figs. 5, 6, and 9.
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Fig. 19. Partial-read Mosaic scan technique. The combination of
Mosaic and conjugate synthesis may also be used along the read-
out axis as diagrammed above. Here, the echo time is not re-
duced, but the spatial resolution in the readout direction is dou-
bled. Two shots are acquired, both covering contiguous areas on
one side of the half plane, quadrupling the resolution along this
axis as compated to the “standard” Instascan method. Again,
conjugate synthesis is used, and a final in-plane resolution of 1.5 X
0.8 mm is achieved in two shots.

(B)

Fig. 20. Partial-read Mosaic image. (A) Images acquired with the partial-read Mosaic technique (Fig. 19) have a minimum TE of 73 msec
and a total acquisition time of one TR period. The resulting in-plane resolution is 1.5 X 0.8 mm and excellent T contrast is maintained.
TR (and total acquisition time): 6 sec; TE: 73 msec; slice thickness: 10 mm. (B) For comparison, a conventional brain image from a differ-
ent patient is shown. TR: 2.6 sec; TE 75 msec; slice thickness: 10 mm; total acquisition time: 10 min.
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Fig. 21. Mosaicked echo scan hybrid (MESH) method. MESH
is an alternative method for concatenating data from two
separate shots. In this technique, the spacing between k-space
lines is doubled for each of two acquisitions and the second
scan is adjusted to cover data in £-read lines in the £-phase lo-
cations half way between those of the first acquisition.

In other cases, such as in the brain, improve-
ments to MR image quality overall, through the
use of quadrature head coils, improved RF
pulses, and lower noise receivers, allow the ac-
quisition of reasonably high spatial resolution In-
stascan images.

In our experience, the single excitation In-
stant images generally have adequate SNR for
voxel volumes of about 15 mm? in the brain and
with echo times as long as 75 msec. This is
equivalent to a 7 mm slice thickness and a 1.5 x
1.5 mm in-plane resolution. When smaller voxel
volumes are required, for thinner slices or for
better resolution in-plane, we generally use a
multiple excitation technique such as Mosaic,
3D or signal averaging for its SNR benefits. The
15’s of the abdominal organs, particularly the
liver, are shorter than those of the central nerv-
ous system. Here, echo times of 30 msec or less
result in good overall image quality. At the pre-
sent time, our scanner is capable of acquiring
images with 1.5 x 3 mm voxels at this TE with
a single excitation, but even relatively thin slices
are possible. As in any MRI technology, SNR in
Instascan is determined both by measurement
parameters, such as TR, TE, TI, slice thickness
etc. and by the T1, T2, proton density and mo-
tion of the patient’s body tissues. The final im-
age quality therefore depends upon a careful
match of measurement parameters to the clinical
application. Fortunately, the image contrast be-
havior in Instascan is much like that of conven-
tional MRI (Figure 22, and section 2.4.3 above)
making predictions of contrast and SNR a
straightforward task.

2.6.3 Acoustic Noise. The large, rapidly
switched, gradient fields of the present imple-
mentation of Instascan produce relatively loud

(100 — 110 dB) sound bursts, predominantly at 1
kHz, during the actual scan. Commercially avail-
able earplugs (e.g. E-A-R, from Cabot corpora-
tion, Indianapolis, IN) offer as much as 40 dB of
acoustic attenuation at this frequency, so that
there has thus far been no issue of patient accep-
tance. Even with earplugs, however, because the
high speed protocols generally involve short im-
aging, separated by long quiet periods, the pa-
tients are occasionally startled by the scan. The
short durations of the scans, however, have pre-
vented this from affecting image quality signifi-
cantly.

2.6.4 Safety Issues. Electrical currents induced
in the body by time-varying magnetic fields are a
cause for concern in the use of rapidly switched
magnetic field gradients in MRI. The weight of
considerable experience in conventional imaging
supports the assumption of safety of the trape-
zoidal waveforms presently used in commercial
devices. Reilly (51, 52) has reviewed the avail-
able data on excitatory thresholds for magnetic
stimulation of the peripheral nerves and heart
and has modeled these excitable systems in order
to predict threshold behavior. According to
these data, while the electrical thresholds for
cardiac and peripheral stimulation are similar,
the rate constants characterizing the excitable
tissues of the heart are generally longer than
those seen in neural tissues. As a consequence
the predicted thresholds, measured in dB/dt (the
rate of change of the magnetic field), for cardiac
stimulation are much greater in the heart than in
the peripheral nerves at the frequencies used for
Instant imaging. Furthermore, the relatively
small area subtended by the heart suggests that
larger time-varying magnetic fields will be re-
quired for cardiac stimulation than for periph-
eral nerves (52). Bourland and his collaborators
(53) have succeeded in generating extra-systoles
in a dog via magnetic stimulation. At present,
however, it is not clear how their stimulus para-
digm compares with the exposures in MRI. In
the course of safety testing of Advanced NMR’s
Instascan device, several experiments were per-
formed on humans and animals at dB/dt levels,
using transverse gradients considerably higher
than those used for standard instant scanning.
While no cardiac effects could be detected in ei-
ther human or animal experiments, the volun-
teers reported that they occasionally felt mar-
ginal cutaneous responses (54, 55). Similar re-
sults were reported by Fischer e /. (56) using
longitudinal gradients. Since that time, the In-
stascan instrument has been configured to oper-
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Fig. 22. Instascan brain images. These images, obtained using the “partial-read” method described in Fig. 16, demonstrate the conven-
tional contrast behavior achievable with Instascan. Placques (arrows) resulting from multiple sclerosis are clearly visible and, because of
the extremely strong T2 contrast, are readily distinguishable from the cerebrospinal fluid. TR: ; TE: 73 msec; slice thickness: 8 mm.

Twenty-two images were obtained in six sec. of scanning.

ate within the much larger dB/dt guidelines es-
tablished by the FDA. The practical acceptance
of single-shot imaging clearly requires sufficient
experience with the method to indicate its over-
all safety.

RF heating, quantified by the Speciﬁc Ab-
sorption Rate (SAR), has been a concern in con-
ventional imaging sequences where the patient
may be exposed to repeated RF pulses on a
semi-continuous basis for the one hour or so re-
quired for a complete scan. The SAR for an im-
aging sequence is calculated as the average expo-
sure during the scan TR period, regardless of the
number of repetitions to which the patient is
exposed. Generally the SAR for Instascan and
real-time sequences is equal to or less than that
used in conventional scans (since similar RF
pulsing schemes are used). However, the total

energy deposition (or dose) is typically much
lower in instant imaging, as the exposure times
are generally well under 10 seconds.

2.6.5 Artifacts. The unique sampling charac-
teristics of single-shot imaging techniques such
as Instascan and echo-planar imaging, can lead to
artifacts different than those seen in conven-
tional imaging. Several major classes of artifacts
are important: spatial distortion from 1>* (or
T5) decay, and from off-resonance effects;
ghosting from inadequate control of gradient
waveforms or sampling; and large chemical shift
effects. Other artifacts, such as contrast aberra-
tions from T2 decay during sampling, or
positional shifts secondary to velocity, are more
subtle and may not noticeably affect the image
appearance.
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Some of the image distortions that can occur
in instant imaging methods have been discussed
recently by Farzaneh e# al. (57) based upon as-
sumptions as to the operational characteristics of
the required imaging instruments. He has
pointed out that spatial distortion artifacts, in
particular, can be large when the total time for
spatial encoding is long compared to signal decay
times. When the encoding periods are long com-
pared to the signal relaxation times (12*) the fi-
nal spatial resolution may be compromised as
well. Whereas short relaxation times result in
line broadening in spectroscopy, in imaging the
consequence will be a widening of the point
spread function; that is a blurring of the image
features.

In single-shot imaging the effective band-
width may be quite low (see the discussion of
chemical shift above) along the
“phase-encoding” axis. Small deviations in reso-
nance frequency may result in large displace-
ments in the image. Like differences in chemical
shift, local deviations in magnetic susceptibility
cause frequency variations. In single-shot imag-
ing methods, such as Instascan, this may result in
shape distortions in certain regions, such as the
orbits, where large susceptibility gradients occur.
Schmitt (30) has presented a method for correc-
tion of some of the artifacts in instant imaging
that result from resonance frequency variations.
Such retrospective image correction is increas-
ingly important as the readout duration is in-
creased.

3. INSTASCAN APPLICATIONS

3.1 Rapid Cranial Imaging

In general clinical practice examinations of
the central nervous system typically comprise 40
to 70% of the patient load. If Instascan affords a
reduction in examination time for these patients,
while maintaining uncompromised diagnostic
image quality, it will have important beneficial
impacts on both scan costs and patient accep-
tance of the MRI procedure. To this end consid-
erable attention has been paid to improving the
image quality of cranial images with Instascan
(49, 58). While the comparative sensitivity of
Instascan and conventional MRI in the detection
of disease is still under investigation, preliminary
studies (e.g. Figure 22) are encouraging and con-
firm that the overall contrast behavior follows
that of conventional acquisitions. Using suitable
instant imaging protocols the total examination
time for complete brain studies will be well un-
der one minute for a typical head screening. The
insensitivity of ultra-fast imaging to patient mo-

tion should all but completely eliminate scan
failures in uncooperative subjects.

3.2 Functional Imaging

Functional studies of the brain have proven
utility (in PET, for example) in diagnosis of im-
portant diseases such as Alzheimer’s-type de-
mentia and in assessing the viability of tissue
that may display no changes in signal intensity on
standard MRI or CT scans (59). Although this
dementia cannot yet be treated, the presence of
a definitive diagnostic study can, as in multiple
sclerosis, reduce substantially the number of
otherwise unnecessary additional diagnostic pro-
cedures. In the absence of an effective zz vivo di-
agnostic, candidate treatment methods can be
assessed only by post-mortem study. The devel-
opment of effective treatments is thus made ex-
tremely difficult. Many significant lesions, for
example epileptic foci, are frequently invisible
with even the best non-functional studies, yet it
is reasonable to anticipate that the functional
scan might allow us to find occult lesions. Both
functional methods discussed below: dynamic
analysis of contrast agent distribution and diffu-
sion imaging, are designed to produce quantita-
tive determination of regional perfusion. Tissue
perfusion, in turn, may vary greatly with tissue
health and, as has been demonstrated with PET
scanning, brain functional activity.

3.3 Susceptibility Contrast

The first functional method we describe in-
volves the observation of cerebral blood flow,
by tracking the dynamic distribution of injected
contrast agents. As a result of their large mag-
netic susceptibilities, paramagnetic lanthanide
chelates, such as gadolinium diethylene triamine
pentaacetic acid (Gd-DTPA) or dysprosium-
DTPA (Dy-DTPA), when in high concentration
in the bloodstream, produce large magnetic field
gradients across vascular boundaries. When field
echo methods are used for imaging, these in-
duced gradients act to reduce T2* relaxation
times. As a consequence, the signal recovered in
gradient echo imaging methods is reduced in the
vicinity of the blood vessels when the concen-
tration of contrast agent is high. The 1> relaxa-
tion time is reduced also by locally high concen-
trations of paramagnetic contrast though the
mechanism is somewhat different. Here the ef-
fect results from the loss of spin coherence as
proton spins diffuse across the significant field
gradients that exist at the margin of contrast
agent-filled capillary spaces (60, 61, 62, 63).
Therefore the dynamic properties of contrast
agent perfusion may be evaluated, as well, from
spin echo images.
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The T> relaxation effect of Dy-DTPA was
noted by Villringer ez a/. (60). Kantor has ex-
plored the potential of evaluating coronary
stenotic disease and myocardial function by ob-
serving the time course of signal intensity
changes after intravenous infusion of Dy-DTPA
or Gd-DTPA. Using Instascan methods, cardiac
images were acquired every one to two seconds
following bolus injection of the contrast agent.
In healthy dogs a transient signal intensity drop
of about 20% (with Gd-DTPA) could be seen
after a delay of about 12 seconds. Treatment
with the vasodilator dipyridamole potentates
this effect so that 80% drops in signal intensity
were seen with a slightly earlier onset (64). In
experimentally induced coronary stenoses, the
dipyridamole-potentiated effect was seen to be
significantly reduced distal to the stenosis (65,
60).

In the CNS, Belliveau and his coworkers have
been examining the capabilities of Instascan to
quantify cerebral perfusion. They have demon-
strated that, in the brain, the transient signal at-
tenuation produced by bolus injection of Dy-
DTPA can be modulated by experimentally in-
duced hypercapnia (67, 68, 69). The hypercapnia
itself is known to be associated with cerebral
blood flow, which increases linearly with pCO2
in the 20-80 mm Hg range. Variations in the
Gd-DTPA effect have also been noted in ex-
perimentally induced cerebral ischemia (70).
Using these methods they have produced quanti-
tative maps of cerebral perfusion by integrating
the signal intensity change on a regional basis
(71). The technique has recently been reviewed
by Rosen, Belliveau and Chien (63) and their
work on human brain perfusion has recently
been reported in another, more recent review
(62). Analogous results are reported by Stehling
(72) using the echo planar method. The FLASH
method has been used as well (73) to evaluate
contrast agent dynamics.

We can also anticipate that various mass le-
sions, such as tumors, may be better differenti-
ated by their vascularity, adding specificity to
the MR exam. This effect should show up both
in quantitative flow studies and by the rate con-
stants of approach to equilibrium concentrations
of contrast agents. Future practical protocols
may involve a contrast agent study that looks
first at the susceptibility effects of the agents
during the first 10 to 30 seconds following bolus
gadolinium injection, and then examines the Ti
relaxation effects over the next few minutes as
equilibrium distribution is reached.

3.4 Diffusion Weighting

More recently, the so-called Intravoxel Inco-
herent Motion (IVIM) method of Le Bihan (74)
has been adapted for use in combination with a
variety of single-shot imaging techniques. The
original IVIM method uses spin echoes; after the
method of Stejskal and Tanner (75), motion sen-
sitizing gradients are added symmetrically about
the 180° refocusing pulse. These gradients have
the effect of dephasing the signal from diffusing
spins, thus causing a signal loss on T>-weighted
scans. However, the large motion sensitizing
gradients make the IVIM method extremely
prone to motion artifacts in conventional im-
plementations. Furthermore, guantitation of dif-
fusion constants requires sampling the signal at a
variety of diffusion sensitivities, each compro-
mising a complete imaging sequence. The overall
examination time is therefore too long for prac-
tical clinical scanning. In practice clinical utiliza-
tion of the method has therefore awaited its in-
corporation into single-shot methods such as
echo planar imaging (6) and Instascan (7). The
EPI method was implemented in a 2T GE CSI
imaging system equipped with 25 cm “Acustar”
shielded gradient coils, while the Instascan im-
plementation involved the incorporation of mo-
tion sensitizing gradients into the basic Instascan
pulse sequence (Figure 23). Because the imaging
times are kept extremely short compared to
gross physiological motion — approximately 160
msec with Instascan and 94 msec with the small
bore EPI method — the motion sensitivity is re-
duced dramatically. Within a certain range of
motion-sensitizing gradient amplitudes the signal
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Fig. 23. Diffusion-weighted Instascan pulse sequence. Diffu-
sion weighting is added to the Instascan imaging sequence by
the application of large additional gradient pulses before and
after the 180° RF pulse. These tend to strongly diphase any
spins which change position over the course of the scan. Be-
cause these gradients are effective against any sort of motion,
however, the method has only been practical in combination
with single-shot techniques where motion effects can be
minimized. The pulse sequence has been designed such that
the amplitude of the diffusion sensitizing pulses may be auto-
matically varied to cover a range of “b-values”.
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intensity loss is dominated by the effects of dif-
fusion, while at lower amplitudes, perfusion is
the dominant contributor to signal loss. From
properly collected data, the modified IVIM
method has the potential for the formation of
regional perfusion maps without the use of con-
trast agents. Furthermore the diffusion itself of-
fers an additional contrast factor that may be
useful in disease and tissue differentiation.

3.5 Dynamic Motion Studies

3.5.1 Heart. Perhaps the most obvious appli-
cations of instant imaging are to the moving
structures of the body, such as the heart, that are
notoriously difficult to scan reliably via MRI
methods. Such instant images were initially ob-
tained by Rzedzian and Pykett (26) and showed
the capability of the Instascan system to acquire
freeze frame images of the heart without trig-
gering or other synchronization timing. Subse-
quently, Drucker e a/., (76) validated the tech-
niques in normal volunteers by demonstrating
that measurements of thickening of the inter-
ventricular septum, left ventricle anterolateral
wall and right ventricle were within the normal
range.

Several methods for the acquisition of Instas-
can cardiac movies have been described (32).
With spin echo acquisitions TR’s of 2 seconds or
more are used in order to reduce saturation ef-
fects. Cardiac movies are thus obtained by col-
lecting a series of images, each at a different car-
diac phase. The first method of forming such
movies, termed pseudo-gating, involved setting
the TR slightly longer than twice the average R-
R interval (or integral number of R-R intervals).
In this way, subsequent images were advanced
slightly into the cardiac cycle. While this method
has the advantage of rapid and simple setup, it
was reliable only in individuals whose heart rate
was constant over the 30 to 40 seconds required
to collect the entire movie. Movies were also
formed retrospectively from a time series of im-
ages acquired at a constant TR without special
relation to the patient’s heart rate. The images
thus acquired were sorted according to their po-
sition within the cardiac cycle. A synchronized
acquisition technique, called “progressive time
delay” utilizes synchronization pulses from an
ECG monitor. In this method subsequent images
are electronically advanced following each R
wave. Progressive time delay resulted in qualita-
tively smooth movies at the cost of a slight bur-
den in setup of the ECG equipment and is the
method of choice for the acquisition of spin
echo Instascan cardiac movies (Figure 24). There
is, theoretically, some contrast non-uniformity in

the progressive time delay movies as a result of
variations in the subject’s heart rate. In practice,
however, these effects are generally not visible.
In all of these spin echo techniques, each image
is formed during a fraction of a single heartbeat
(as compared to conventional cardiac gated MRI
in which each image is the composite of 128 or
more heartbeats). The movie, however, is a
composite formed from several heartbeats. In
general, spin echo Instascan produces “black
blood” cardiac images, though, at least without
pre-saturation, the blood signal is somewhat
variable.

The final cardiac movie technique described
was real-time imaging (as discussed above). In
this case the entire cardiac movies were acquired
during a single heartbeat. Real-time imaging re-
quires no cardiac synchronization and the quality
of the movies is independent of variations in
heart rate (Figure 25). Like the CINE technique
(5) the real-time method is a “bright blood” pro-
tocol. The blood signal intensity is less homoge-
neous however, presumably as a consequence of
un-averaged turbulence effects (33). The relative
acquisition times are listed in Table 1.

3.5.2 Gastrointestinal System

3.5.2.1 Conventional Approaches In the gastro-
intestinal system, conventionally acquired MR
images frequently are contaminated by artifacts
due to patient motion (2, 77). A number of
technologies have been developed to combat
these problems in conventional MRI. Simple
signal averaging may reduce the relative intensity
of the motion artifacts (78) but will not remove
them (79) and comes at a substantial penalty in
either imaging time, or, if short TR’s are used, in
volume coverage. Respiratory gating, although at
times fairly effective (80), also prolongs scan
times significantly.

Because the dominant signals in much of ab-
dominal imaging are from the lipids in the skin,
the STIR technique can be fairly effective in re-
ducing motion artifacts (34), and is clinically
useful if the contrast behavior, set by the inver-
sion time for fat, is diagnostically acceptable.
Similarly, chemical shift selective presaturation
methods (82, 83) may also be effective the re-

Table 1. Relative acquisition times for the collection of car-
diac movies by MRI

Acquisition Mode Heartbeats per  Heartbeats per
128 line image 16 frame movie
Conventional Spin Echo 128 2048
Instascan Spin Echo 1 16
Real-time Instascan 1/16 1
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Fig. 24. Spin-echo cardiac movie. By incrementing the delay form the cardiac R-wave, prior to the collection of each of a series of car-
diac images, a “movie” of the heart may be obtained. These scans, with 1.5 X 3 mm in-plane resolution, were each obtained in 56 msec
during a single heartbeat. To minimize T1-related signal losses, one image was acquired with every other heartbeat, resulting in a total
scan time of 40 sec for the 16 frame cardiac movie. TR: approximately 2.5 sec; TE 26 msec; slice thickness: 10 mm; 128 X 128 matrix.

duction of respiratory motion artifacts. The
method known as respiratory ordered phase en-
coding or ROPE (84) minimizes artifacts by
making patient motion a non-periodic function
of phase encoding. ROPE and its relatives re-
quire careful monitoring of abdominal motion
and may prolong scan time somewhat. Gradient
moment nulling reduces ghosting from patient
motion by ensuring that the phases of moving
spins are not altered by their motion through the
gradient fields (85) and has been used success-
fully to suppress some motion artifacts in ab-
dominal imaging (79, 80).

3.5.2.2 Ultra-Fast Methods. Ultra-fast techniques
are advantageous in the abdomen as they can
frequently eliminate completely the artifacts
from gastrointestinal and respiratory motion (72,
87). In their work with Instascan, Saini and his

coworkers (88) also describe the elimination of
motion artifact by the method as well as favor-
able T>-dependent soft tissue contrast. These ef-
fects combined to allow them to detect even
very small (5 mm) hepatic lesions. Stark (89)
also reported favorable results in Instascan liver
imaging.
3.6 Rapid Time-Resolved Angiography

Many methods presently exist for the collec-
tion of MR angiograms (see, for example, 90,
91, 92). A method for the rapid collection of
time-resolved angiograms was recently devel-
oped (93, 94) that utilizes the unique capabili-
ties of single-shot imaging. In this time-of-flight
method, analogous to the single slice method
used by Keller (95), real-time Instascan with flip
angles of 90° or greater are used at short TR to
saturate the magnetization of stationary tissue.
In blood vessels, however, the in-flow of fresh
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Fig. 25. “Real-time” cardiac movie. The “real-time” method, which utilizes reduced flip angles to minimize signal losses with repeated
rapid acquisitions, results in images with contrast similar to conventional gradient echo techniques. This series of 16 images was ob-
tained in a single heartbeat. Because such cardiac movies are not composites of multiple heartbeats, they show accurately the beat-
to-beat variations in cardiac activity. TR: 67 msec; TE: 10 msec; slice thickness: 10 mm; flip angle: 30°.

spins to replace the saturated spins leads to a
relatively large MR signal. Unlike other time-of-
flight techniques, each excitation results in a
complete MR image. Since many such images
can be acquired in a single location over the
course of a single cardiac cycle, it is possible, by
tracking the electrocardiogram during acquisi-
tion, to sort the images retrospectively by tem-
poral order. A series of such single slice movies
are acquired over a large number of slices, and
the maximum intensity projection ray-tracing
method may be used to form these data into

projection angiograms. Because the temporal or-
der is preserved, these angiograms may be dis-
played as cine loops that show clearly the pulsa-
tile flow in the large vessels of the body. In a
typical protocol fifteen images are acquired at a
TR of 80 to 100 msec at each of 39 locations.
Generally the data collection is separated into
three acquisitions each imaging thirteen loca-
tions. Since the data collection at all thirteen lo-
cations requires only about 16 seconds (15 im-
ages x 80 msec/image x 13 locations) abdominal
studies can be readily performed with breath
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holding. These studies are still preliminary, but
their future applications to rapid dynamic vas-
cular imaging in the abdomen and periphery are
very exciting.

3.7 Interventional Uses of Ultra-Fast Imaging

As an imaging adjunct to surgery, MRI is al-
most ideal: the inherent high contrast of MR
images generally offers excellent lesion conspi-
cuity; tomographic images in arbitrary planes, or
volume coverage, are available and the potential
exists for near continuous imaging for extended
periods without concern for dose of ionizing ra-
diation. All of these factors favor MR guidance
in interventional applications. On the other
hand, interactive control of such procedures
demands excellent temporal resolution and vis-
ual feedback and only the ultra-fast imaging
methods can make truly interventional applica-
tions of MRI practical.

One approach to MRI guidance of surgery has
been the visualization of laser induced surgical
lesions. This work, performed by Ferenc Jolesz,
Alan Bleier and their collaborators (96) takes
advantage of the high sensitivity and positional
specificity of conventional MRI in the visualiza-
tion of intraparenchymal lesions. At locations
planned from the MR images, a surgical
Nd:YAG laser is inserted and used to ablate the
lesions. Recently this group has utilized Instas-
can in the znteractive guidance of the laserthermia
surgery (97). Because of the strong dependence
the diffusion constant of water on temperature,
diffusion-sensitive imaging was used to control
the laser dose in real-time, increasing the usable
precision of the method in clinical ablations of
lesions (figure 26), especially in the central nerv-
ous system where considerable hazards exist
both from incomplete lesion destruction, and
from damage to otherwise healthy tissues. Simi-
lar methodology has also been explored by Le
Bihan and others (98) for ultrasonically-induced
hyperthermia.

4. ALTERNATIVE HIGH SPEED
IMAGING METHODS

4.1 Gradient Echoes

While Instascan, and other echo-planar im-
aging derivatives, are capable of acquiring com-
plete images following a single excitatory pulse,
numerous other methods have been proposed
and used for scan time reduction. While a com-
prehensive survey of these would require a re-
view of considerably greater size and scope, we
will discuss several recent developments that
have pushed imaging times into the ultra-fast

domain, and we will contrast these methods
with both Instascan and conventional MRI.

The most important alternative techniques,
by virtue of their popularity, are the small flip
angle gradient echo methods, of which FLLASH
imaging is the progenitor. Advances in image re-
construction technology have enabled the im-
plementation of a continuous imaging “MR fluo-
roscopy” mode. In circumstances where opera-
tion is constrained to conventional imaging
hardware, it may still become practical to utilize
echo-planar-like strategies, as in the spiral scan
technique described below. The RARE tech-
nique is also reviewed briefly, in view of its
semi-conventional contrast behavior, its inter-
esting fusion of echo-planar and multiple excita-
tion techniques and its practical application on
conventional hardware.

4.1.1 FLASH and other small flip angle tech-
nigues. Since TR is a primary determinant of
overall imaging time, reducing it is an effective
scheme for shortening MR acquisition times;
FLLASH, and its related family of gradient echo
imaging methods offer a strategy for TR reduc-
tion.

Recall that the MR signal is reduced by re-
peated excitation; simply decreasing TR in spin
echo mode has several consequences: while a
two-fold reduction in TR, for example, results
in a 50% reduction in scan time, it also results in
a reduction of the MR signal due to the reduced
longitudinal magnetization of the tissue. Because
this magnetization and signal loss is Ti-
dependent, reduction of TR adds T contrast to
the images. An important development in the
reduction of scan times, without this (undesir-
able) loss of signal, has been the “FLASH”
method (99, 100, 101) and the related family of
small flip angle techniques, including
“FISP”(102), “GRASS”(5), “CE-FAST” (103)
etc.

The principle underlying FILASH is straight-
forward: the MR signal increases with the sine
of the nutation flip angle (and is largest with a
flip angle of 90°) whereas the loss of longitudi-
nal magnetization — or saturation — is propor-
tional to the cosine of the flip angle (Figure 27A
and 27B). When flip angles of less than 90° are
used, and the refocusing pulse is omitted, less
magnetization is lost and the signal recovers
more rapidly between excitations. As a conse-
quence, it is possible to use shorter TR’s with
less signal loss than would be seen with 90° flip
angles. The key result with FLASH then, is that
it is possible to obtain adequate MR signal while
minimally disturbing the longitudinal magnetiza-
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Fig. 26. Diffusion-weighted Instascan images of laser surgery. The high sensitivity of the signal intensity on diffusion-weighted scans to
temperature changes has been exploited in the interactive control of experimental laser surgery.?” Diffusion-weighted scans were ac-
quired once every two seconds before, during and after the laser treatment. The image in the upper left was acquired prior to any laser
heating. After six secods of heating with 9 watts of power from a fiber-optically inserted Nd:YAG laser a signal void appears in the im-
age as a consequence of the local increase in diffusion, secondary to the temperature change (upper right). After 20 sec of laser heat-
ing the area of reduced signal has grown as shown in the lower left. The brain returns to near normal signal intensity after the laser
application has been terminated for 48 sec (lower right). TR: 2 sec; TE: 120 msec; slice thickness: 6 mm,; spatial resolution: 1.5 X 3 mm,
128 X 128 matrix. The diffusion-weighted imaging sequence is described in Fig. 23.

tion. As the loss of magnetization is small, the
required recovery period is reduced, and shorter
repetition times may be utilized. This concept
may be extended effectively to the domain of
extremely short TR’s and small flip angles; re-
cently Haase (104), Atkinson (73, 105), Frahm
(106) and others have demonstrated FLASH
imaging with TR’s of about 4 msec. With flip
angles of 5° or less it is possible with this tech-
nology to obtain 64 x 128 images in as little as
250 msec (104). Presumably higher resolution
scans could be acquired at the cost of longer
scan times.

In FLLASH imaging the use of 180° refocusing
pulses, to form spin echoes, is effectively pre-
cluded. The inversion of the longitudinal mag-

netization these would cause would result in a
lengthening, rather than a reduction, in the time
required for the recovery of the MR signal. Be-
cause there can therefore be no echo-forming
pulse, most of these techniques produce “free
induction decay” (FID) images: only the gradi-
ents are used to rephase the MR signal. For this
reason, these are conventionally called “gradient
echo” methods. The interval after which the sig-
nal is re-formed is called the TE, or echo time.
As we will see below, the lack of a refocusing
pulse impacts strongly upon the image contrast.

4.1.2 Contrast behavior of FLLASH imaging. Be-
cause the 180° RF pulse is removed, the mini-
mum TE for gradient echo scans is shorter than
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Fig. 27. Principle underlying FLASH and other small flip-angle
techniques. (A) A magnetized spin system (shown as a heavy
arrow) is represented as a vector in the rotating frame. Fol-
lowing convention, the static field is applied along the z-axis.
The excitatory RF pulse is applied along the x (rotating)-axis
and deflects the magnetization, from its equilibrium orienta-
tion along the z-axis, by a flip angle @ into the x-y plane. The
MR signal, measured as the projection of the vector onto the
x-y plane, is shown in grey. When a is fairly large, as in this
drawing, a large signal is produced at the cost of a significant
loss of longitudinal magnetization. The longitudinal magneti-
zation is recovered at the rate T1 as the system returns to the
equilibrium condition. Because substantial magnetization is
lost with large flip angles this return to equilibrium can require
a long recovery period (TR). (B) When somewhat smaller flip
angles are used, reasonable signal levels can be produced with
substantially less loss of longitudinal magnetization, and the
recovery to equilibrium magnetization levels is more rapid. In
shallow flip-angle imaging, this is used to advantage by re-
ducing the repetition time, and consequently the overall im-
aging time.

for their spin echo counterparts. This is advanta-
geous in T1-weighted scanning, where it is desir-
able to use short TR’s, near the tissue Ti, to
maximize T1 contrast. To minimize T effects
(that tend to diminish T contrast) the short
TE’s are valuable. This short TE advantage of
gradient echo scans is to a certain extent miti-
gated, however, by the relatively rapid T>* decay
(see “T2 ws. To* Contrast” below) that adds T>2-
like contamination to the images. As an ap-
proach to Ti-weighted imaging, the basic
FLASH method therefore offers some advantage
in reducing the minimum TE and TR. Interest-
ingly, the 180° pulse used in spin echo mode ac-
tually reduces the effective TR (for contrast
purposes) in conventional spin echo scanning, so
that the final decision whether to use FLASH or
spin echo imaging for Ti-weighted scans must be

based upon a complex tradeoff in imaging time,
volume coverage and contrast behavior.

The FLLASH imaging strategy wins out par-
ticularly when “spin-density” contrast is desired.
The spin-density image has minimal contrast
contributions from either T1 or T2, and has sig-
nal intensity determined primarily by the density
of protons in each voxel. Because they allow the
use of short TR’s and TE’s without 17 or 12
contrast contamination, the FLASH family of
methods can reduce the imaging time substan-
tially for these studies.

The newer high speed FLLASH studies (104,
106), variously called, “snapshot FLASH” or
“Turbo FLASH” or simply “sub-second
FLLASH”, tend to have little contrast, due to
their extremely short TR and small flip angle. It
is possible, however, to add T1 contrast by pre-
ceding the entire 250 msec acquisition with a
180° inversion pulse (Atkinson 73, 105). As
long as the inversion time (TI) is long compared
to the data acquisition period this should result
in reasonable T1 contrast. The appearance will
be much different, however, than that seen in
conventional short TR images. Compared to the
single-shot imaging techniques FLASH images
show reduced, and somewhat unfamiliar con-
trast and, in practice it is difficult to achieve
T>-weighting. Nevertheless, sub-second FLASH
images are obtained relatively easily on standard
imaging hardware and, especially at high field,
may demonstrate excellent overall image quality
(see Fig. 28).

4.1.3 Limitations of gradient echo scanning

4.1.3.1 Signal-to-noise Ratio Comparisons. In addi-
tion to the contrast differences described above,
the theoretically achievable signal-to-noise ratio
in Instascan is quite different from that of
FLASH or conventional MRI. Since the two
methods are presently receiving considerable at-
tention as ultra-fast imaging strategies it is in-
structive to compare, in an ideal case, the SNR
of single-shot imaging and snapshot FLLASH for
equal resolution cardiac images.

In a well-designed MR instrument, there are
three main factors that determine the SNR:
voxel size, acquisition time, and transverse mag-
netization. Larger voxels, longer acquisition pe-
riods (i.e. narrower bandwidth) and greater
transverse magnetization (90 degree flip angles,
short TE to avoid T2 effects, long TR to avoid
saturation, etc...) all tend to increase SNR. For
the same voxel size (slice thickness, FOV and
resolution) compared to snapshot FLASH, in-
stant scan images tend to be produced with
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Fig. 28. Subsecond FLASH images. Eighty-five-megahertz (2.0-T) transverse 0.3-s FLASH MR images of the heart of a normal volun-
teer obtained using the FLASH sequence. The images represent single excitation (unaveraged) scans and have been recorded using
the standard circular polarized body coil. The spatial resolution corresponds to 64 X 128 measured dadta points (interpolated to 256
X 256 pixel for display) covering a field-of-view of 250 mm with a slice thickness of 8 mm. The images were selected out of a series of
images acquired from different heartbeats without ECG triggering. Without flow suppression (a), flow suppressed images (b)-(f) at
different times during the cardiac cycle representing opening (b) and closing (e,f) of the mitral valve. Numbers: 1, left ventricle; 2,
right ventricle; 3, left atrium; 4, right atrium; 5, descending aorta. Arrows denote the mitral and tricuspid valves. Reprinted by permis-
sion from Frahm, et al., Magn. Reson. Med. 13(1): 150-157, 1990.

more net magnetization but are sampled for a any reasonable sub-second FLASH image, the
shorter period of time. As we will see below, for
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instant scan image will have significantly larger
SNR.

Because of the very short TR required, sub-
second FLASH images are produced with a
shallow (= 5 degree) flip angle. The maximum
steady-state magnetization available is achieved
by exciting at the so-called Ernst angle (after
Ernst and Anderson (107)). When TR is very
much shorter than T1, and neglecting the signal
losses from 1%, the resulting transverse mag-
netization is:

ST~ Mgy IR
2T @

where M) is the magnetization that would be
available from a fully relaxed spin echo acquisi-
tion (see Appendix 1). For example, at 1.5
Tesla, assuming a T1 for normal myocardium of
about 800 msec and a TR of 5 msec (to produce
the 300 msec images of Frahm (100)), the trans-
verse magnetization imaged is about 6% of the
initial magnetization so that approximately that
percentage of the signal is recovered for imaging.

While the Instascan method pays no T1 pen-
alty (due to its “infinite” TR), the images must
be produced at echo times long enough that
some transverse (1T2) relaxation losses have oc-
curred. Continuing with the cardiac example
above, using either a 40 msec echo with full k-
space coverage (cf. section 2.5.3 “Resolution Im-
provements”), or a 20 msec TE with “partial-k”
imaging, the effective magnetization diminishes
by about 50% with the T2’s present in the myo-
cardium. The Instascan method thus produces a
total MR signal about nine times larger than the
FLASH technique.

However, we can also show that the FLLASH
method contributes less noise to the image.
While the interactions between gradient ampli-
tude, filter bandwidth and noise amplitude can
be subtle, with a few assumptions, the noise can
be compared fairly well. If we assume the same
field of view and number of pixels in the read
direction for the two methods, the effective
bandwidth may be contrasted by comparing the
acquisition periods. Continuing the sub-second
FLASH example above, the acquisition period
per line is about 2 msec. In the present Instascan
implementation the acquisition period per line is
0.5 msec; but from a noise standpoint, due to
the non-linear sampling requirements, the sinu-
soidal waveform produces an effective period of
(2/m) x 500 msec = 300 msec. That is, com-
pared to a trapezoidal pulse, the appropriate fil-
ter bandwidth must be made wider.

The resulting noise is proportional to the
square root of the bandwidth (for the white
noise spectrum typical of MR images) and thus
inversely proportional to the square root of the
sampling period. Using the numbers above, the
noise produced is therefore about 2.5 times
smaller in the snapshot FLLASH images. Com-
bining these three factors (small flip angles for
FILASH, longer echo times and wider bandwidth
for instant scan), in the heart the overall SNR is
from three to four times better with Instascan.

4.1.3.2 T2 vs. T>* Contrast. Field inhomogeneity
within any image voxel results in overall signal
loss at the rate T2* which is, by definition, the
combined rate of signal decay from the funda-
mental T2 of the sample and the effects of field
inhomogeneity (neglecting, for the moment, the
effects of diffusion). In general, because of the
additional contributions from field inhomoge-
neity, 12* is much shorter than T>; as TE is in-
creased the contrast in gradient echo methods is
therefore dominated by T2* rather than by in-
trinsic tissue properties. Since an echo-forming
RF pulse is not used in small flip angle methods,
the resulting scans are sensitive to local varia-
tions in magnetic field due to such effects as tis-
sue magnetic susceptibility and to a certain ex-
tent magnetic field shimming. For many pa-
thologies, such as multiple sclerosis, most carci-
nomas, cystic lesions, inflammatory diseases of
the skeletal systems, and others, the T>-weighted
scans show better intrinsic contrast than Ti-
weighted images. The reduced ability of the gra-
dient echo methods to demonstrate certain pa-
thologies obviates, in many cases, the scan time
advantages of the method. In some circum-
stances, however (e.g. Unger ef a/. 108, 109, 110,
111, 112, 113) the enhanced sensitivity of gradi-
ent echo scans to susceptibility effects has been
used to advantage in clinical diagnostic proto-
cols.

4.1.3.3 Slice Profiles. Particularly as the TR is re-
duced to a few milliseconds, as in the sub-
second FLLASH scans, the duration of the slice-
selective excitation pulse must be reduced, re-
sulting inevitably in compromised slice profiles.
As a practical consideration it is therefore diffi-
cult to use thin, or closely spaced slices with
these methods. A more subtle effect occurs as a
result of the dependence of the signal intensity
on the combined effects of flip angle and T1: in
tissues with long T1 outside of the selected
plane, the signal may actually be greater than
from tissues within the slice. While this problem
exists in any small flip angle gradient echo strat-
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egy, it becomes increasingly severe as the RF
pulse length is reduced.

4.2 Other High Speed Methods

4.2.1 MR Flnoroscopy. In the method that
Riederer, Farzaneh and coworkers (114, 115)
have called “MR Fluoroscopy”, the MR data is
collected continuously and reconstructed simul-
taneously. Although the imaging time of 700
msec for 48 x 128 images is just within the ul-
tra-fast domain, the continuous reconstruction
yields images relatively free of artifacts in the
presence of small or slow motions and may
prove a useful tool for its intended applications
in continuous imaging and “scout” scans.

4.2.2 RARE. RARE (Rapid Acquisition with
Refocused Echoes) is another, independent,
technique for reducing scan time that is related
closely to EPI. In the RARE method, (116. See
also Cho ef al. (117)), multiple RF echoes are
formed, each of which is encoded as a separate
line of raw data. Each successive line is collected
at a later TE and is therefore more T>-weighted.
If the T> of the sample is long enough, then
many such echoes can be formed. With n ech-
oes, an n-fold reduction in scan time is achiev-
able. The RARE technique has the disadvan-
tages of somewhat skewed image contrast (since
the data are collected at a wide variety of dis-
tinct TE’s) and relatively high power deposition
(owing to the large number of 180° pulses re-
quired). It can be used, though, to rapidly pro-
duce highly T>-weighted scans.

4.2.3 Spiral Scan. For many applications the
most severe motion artifacts are caused by car-
diac and respiratory motion. In these applica-
tions a single-shot technique may not be neces-
sary; a technique that can produce a set of car-
diac-gated images within a breath-holding inter-
val may be sufficient. Meyer, Macovski and Ni-
shimura (42, 47, 118) have studied a technique
called interleaved square-spiral fast imaging that
produces an image in eight excitations. During
each of eight acquisitions the gradients trace out
a k-space trajectory that constitutes a different
square-spiral interleaf as shown in figure 29.
Thus they can form a cardiac-gated multi-slice
image set or a cardiac movie in a single breath-
holding interval.

One advantage of interleaved fast scanning is
that the instrumental requirements are eased
considerably relative to single-shot techniques.
Acquiring the same amount of data during N ac-
quisitions requires 1/N? the gradient power and

Fig. 29. K-space representation of interleaved square-spiral
scan (courtesy of Craig Meyer). The interleaved square spiral
technique efficiently collects multiple lines of £-space fol-
lowing each excitation pulse. To collect sufficient data to
form a complete image, eight excitation and data collection
cycles are used. The £-space spirals following each excitation
are interleaved as shown. Because of the square trajectory,
relatively little special image processing is required to convert
the raw data into images.

1/N the sampling rate and signal bandwidth of a
single-shot acquisition. Meyer ¢f a/. have imple-
mented their eight-shot technique on a commer-
cial GE Signa system with standard gradient
amplifiers. Figure 30 shows a single frame from
a 17 frame cardiac movie acquired in eight
heartbeats. These images were acquired using a
water-selective spatial-spectral excitation pulse
(50) with a readout time of 34 msec for each
acquisition. Other advantages of interleaved fast
scanning are VN greater SNR and reduced con-

Fig. 30. Cardiac image obtained by interleaved square-spiral
scan (courtesy of Craig Meyer). The interleaved square spiral
technique has been used to produce good quality cardiac im-
ages on a conventional scanner. Because of the relatively long
encoding period, which produces a signal bias towards the cen-
ter of &-space, there is a tendency for the small spatial features
of tissues with short T2’s to be blurred slightly. According to
Meyer, one advantage of the square spiral trajectory is its rela-
tive resistance to signal dephasing form flow. In these cardiac-
gated studies, TR was determined by the subject’s heart rate;
slice thickness: 10 mm.
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cern over potential biological effects from rap-
idly-switched gradients. Of course, this tech-
nique is more susceptible to cardiac arrhythmia
and peristaltic motion than single-shot methods.

Spiral £-space trajectories as used by Ahn ez
al. (119) and Meyer (118) are an alternative to
echo-planar trajectoties, chosen primarily for
their desirable properties in the presence of flow
and T> decay. The gradient moments of a spiral
trajectory are well-behaved, so that flowing ma-
terial stays refocused reasonably well during the
scan, as shown in the heart image of figure 30.
1> decay during a spiral scan leads to a loss of
resolution that is the same in all directions, that
may be preferable to a loss of resolution that is
greater in one direction than another, as can oc-
cur with other £-space trajectories. The main
disadvantage of spiral imaging relative to con-
ventional scanning is that the off-resonance spe-
cies appear blurred in the reconstructed image,
instead of being simply shifted along the readout
direction (120). The main advantage of the
square spiral of figure 29 relative to a round spi-
ral is that the reconstruction can be performed
rapidly and accurately by one-dimensional inter-
polation followed by a 2D fast Fourier trans-
form.

5. THE FUTURE OF ULTRA-FAST MRI

In the thirteen years since Mansfield’s original
proposal (18) for echo planar imaging, the field
of conventional MRI has expanded to become
perhaps the most influential modality in radio-
logical diagnostics. By comparison to the con-
ventional methods of multi-shot acquisition, the
development of single-shot MRI has lagged, due
largely to its technical complexity. Only in the
recent years has it become possible to build in-
struments that achieve medically useful image
quality. We expect the applications for such in-
strtuments to mushroom in the coming years
with growth in three key areas: reduction in
scan time for imaging protocols already in clini-
cal use (and resultant decreases in cost); expan-
sion of MRI applications to interactive (e.g. in-
terventional imaging), dynamic and functional
assays, and perhaps into non-medical imaging
applications such as flow measurement and
process and quality control.

Simple scan time reduction is important as
the physician can generally defend the purchase
of capital equipment only on the basis of vali-
dated clinical utility: it is therefore crucial that
the instruments produce images with contrast
and sensitivity closely analogous to that of ac-
cepted protocols. For the moment, the physician
is generally most comfortable with spin echo

contrast, though the gradient echo methods are
becoming increasingly accepted. For similar rea-
sons, and for the validation of high-speed proto-
cols, it is important that the equipment be capa-
ble of collecting conventional images.

As an example of the key clinical applications
for the ultra-fast methods, we expect to see a
growth in rapid whole body examination where
preliminary data (Cohen, Rosen, ¢f a/. unpub-
lished observations) show that the entire body
can be covered in thin slice Tz-weighted spin
echo images in under fifteen minutes (of which
less than the five minutes is actual imaging — the
rest being related strictly to mechanical issues
such as repositioning the patient.) The ready
availability of high performance computing ma-
chinery allows the physician to rapidly reformat
these data into preferred viewing planes. Such
data sets would have applications in screening
procedures, potentially replacing methods such
as whole body scintigraphy as a cancer screen
while providing the radiologist with the addi-
tional anatomic resolution and sensitivity of
conventional MRI.

Many publications have indicated that ortho-
pedic and cardiac diagnosis (e.g. 5, 121) is facili-
tated by collecting a time series of images that
display tissue in motion. The real-time methods
available with ultra-fast MRI should greatly ex-
pand the use of MRI for dynamic functional as-
sessment both in orthopedic applications and in
evaluation of soft tissue organ systems (e.g.
swallowing and gastrointestinal studies).

As complete examination times are reduced
to a few minutes, we expect that the physician’s
involvement with the scanning process must
change as well. Already, highly interactive user
interfaces are being explored (122, Stehling, per-
sonal communication, 123) with which the physi-
cian may adjust scan planes, oblique orientation,
and other key imaging parameters such as TR, TI
and TE with trackballs or soft knobs. Inevitably,
this functionality will imply either greater in-
volvement by the radiologist in the scanning
process, or a greatly increased responsibility for
the radiological technologist: with the capability
to collect hundreds of images per minute the ex-
ams must be well targeted simply to avoid the
collection of overwhelming quantities of data.

This enormously increased rate of MR data
collection will have tremendous implications in
the methods of storing, recalling and presenting
MR images. Presently, the digital media (mag-
netic disks and tapes, or optical disks) are either
too slow or too expensive for the practical han-
dling of ultra-fast imaging data. In the short-
term, therefore, we can anticipate a shift to
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video tape data storage that, in turn, puts an in-
creasing burden on the supporting computer
equipment to provide real-time image processing
of the raw MR data. There must also be signifi-
cant improvements in data compression and
automated analysis and reduction simply to keep
up with the inflow of medical data.

As tremendous gains have been made in the
applications, quality and acceptance of conven-
tional MRI, ultra-fast imaging has quietly
evolved from theoretical possibility, to working
prototype, to emerging clinical reality. As the
first few instruments are introduced into clinical
institutions, we may see yet another revolution
in the practice of radiology.

APPENDIX

DERIVATION OF THE SIGNAL PRODUCED IN
FLASH IMAGING.

According to Weber (124), the signal intensity
(SI) produced in FLASH imaging is:

TR/
SI = Mg sino. (—1-€ 7T
0 1 -cosa e TR/T (A1)

where M() is the initial longitudinal magnetiza-
tion and « is the RF flip angle. At the Ernst an-
gle, where the FLLASH signal is maximized,

CcosoL = e'TR/Tl. (AZ)

Substituting equation A2 into Al we find that

SI =M, (- cosa) (A3)
sSmaol
= Motan(%)' (A4)

When a is small, and when TR << Ti, we can
make the approximations:

2
~1-02
cosa ~ 1 ) (A5)
and
TR, - _ m
e m 1 T . (AG)

The Ernst condition implies that equation A5 is
equal to equation A6. Combining these two
equations and solving for ®/2 we find that:

a. /IR
2 V2T, (A7)

For small angles we can approximate tan ot = Q.
Thus, substituting equation A7 into A4:

~ [ TR
SI ~ My T, (A8)
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