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FLASH Imaging. Rapid NMR Imaging Using Low Flip-Angle Pulses
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A new method for rapid NMR imaging dubbed FLASH (fast low-angle shot) imaging
is described which, for example, allows measuring times of the order of 1 s (64 X 128 pixel
resolution) or 6 s (256 X 256 pixels). The technique takes advantage of excitation pulses
with small flip angles eliminating the need of waiting periods in between successive ex-
periments. It is based on the acquisition of the free induction decay in the form of a
gradient echo generated by reversal of the read gradient. The entire imaging time is only
given by the number of projections desired times the duration of slice selection and data
acquisition. The method results in about a 100-fold reduction in measuring time without
sacrificing spatial resolution. Further advantages are an optimized signal-to-noise ratio,
the applicability of commercial gradient systems, and the deposition of extremely low rf
power. FLASH imaging is demonstrated on phantoms, animals, and human extremities
using a 2.3 T 40 cm bore magnet system. 'H NMR images are obtained with variable
relaxation time contrasts and without motional artifacts. © 1986 Academic Press, Inc.

INTRODUCTION

Spatially resolved nuclear magnetic resonance techniques are now extensively used
for noninvasive investigations of living matter in biology and medicine (/). However,
measuring times of several minutes lead to motional artifacts within NMR images
and give no access to the study of fast physiological processes. More rapid techniques
are either limited in spatial resolution or signal-to-noise ratio (SNR) (2), or require
the application of a large number of intense radiofrequency (rf) excitation pulses (3)
exceeding safety guidelines (4) at magnetic field strengths of 1 to 2 T. The first rapid
imaging technique applicable to high-field imaging is rapid stimulated-echo imaging
(STEAM) (5). Although the method inherently has the advantages of the STEAM
imaging method (6) such as giving access to rapid 7 images or CHESS (chemical
shift selective) images, it suffers from low SNR. This is mainly because subsequently
excited stimulated echoes are attenuated by T} relaxation.

Here we present a new rapid imaging technique dubbed FLASH (fast Jow-angle
shot) imaging, which results in (i) optimized SNR, (ii) about a 100-fold reduction of
the measuring time, (iii) no loss of spatial resolution, and (iv) low rf power deposition
(7, 8). Since the FLASH sequence works continuously without internal waiting times,
one may choose arbitrary compromises between spatial resolution, time resolution,
and SNR. In addition, one may record sequential series of images (“movies”) with
image repetition times given by the individual measuring times.
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METHOD

NMR imaging experiments are based on the acquisition of free induction decays
(9), spin echoes (/0), or stimulated echoes (6). Since the FID requires only a single rf
excitation pulse this type of signal turns out to be best-suited for rapid NMR imaging.
An appropriate rf pulse and gradient sequence is shown in Fig. 1. The important
difference between conventional imaging techniques and this rapid sequence is the
use of rf pulses with low flip angles. Low-angle pulses have already been discussed for
conventional NMR spectroscopy experiments in order to optimize the SNR per mea-
suring time (1/, 12). However, repetition times of the order of tens of milliseconds,
i.e., flip angles of the order of 15°, have not been applied because spectroscopic FID
signals normally have durations of several hundreds of milliseconds. This situation
becomes different for NMR imaging where magnetic field gradients reduce the length
of the FID to some milliseconds.

For example, using a flip angle of 15°, the intensity of the FID corresponds to 25%
(sin 15°) of the maximum amplitude excited by a 90° pulse. In contrast to conventional
imaging sequences, 96.5% (cos 15°) of the longitudinal magnetization remains unaf-
fected and thus is available for immediate subsequent excitations (see Fig. 1). After
termination of the rf pulse the slice-selective gradient (G slice) is inverted for proper
refocusing of the transverse magnetization (13). The in-plane spatial discrimination
may be achieved either by rotating a magnetic field gradient in a number of steps
according to the projection reconstruction algorithm (/4) or by applying a fixed “read”
gradient (G read) and a perpendicular phase-encoding gradient (G phase) of variable
strength according to the 2D Fourier imaging method (/5). The read gradient is inverted
prior to the data acquisition period leading to a so-called gradient or field echo. Im-
mediately after acquisition of the data the experiment is repeated with a repetition
time given by the time needed for slice selection and data acquisition. Thus the duration
of the entire imaging experiment is reduced by the same factor as conventional rep-
etition times of the order of 1 s are reduced to about 10-20 ms. After application of
the first 20-40 excitation pulses, the spin system reaches a steady state where the loss
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Fi1G. 1. Radiofrequency pulse and magnetic field gradient sequence for rapid FLASH NMR imaging. The
method employs slice selective excitation pulses with flip angles of the order of 15°. The NMR free induction
decay is detected in the form of a gradient echo after reversal of the read gradient. The sequence is repeated
n times recording n projections with different phase-encoding gradients. No waiting times are required
between subsequent excitations.
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of longitudinal magnetization by excitation is compensated for by spin-lattice relax-
ation during the imaging sequence. The theoretical value of this steady state as well
as its dependence on T, on the repetition time, and on the flip angle have already
been discussed by Waugh (12). After reaching the steady state, experiments can be
performed without time limits. For example, series of sequential images may be re-
corded describing the time course of physiological processes in tissues.

EXPERIMENTAL RESULTS

Biomedical applications of NMR imaging mainly rely on tissue contrasts due to
differences in relaxation times. Obviously, new and in particular rapid NMR imaging
sequences should retain this sensitivity to relaxation times. Tissue contrast in FLASH
images is determined by the spin-lattice relaxation time T and the effective spin-
spin relaxation time Ty.g. Both effects will be experimentally demonstrated below. 'H
NMR images are recorded using a combined imaging/spectroscopy system supplied
with a 40 cm bore 2.3 T magnet (Bruker Medizintechnik, Karlsruhe, West-Germany).
The duration of the frequency-selective rf pulse (compare Fig. 1) is 2 ms. In the presence
of a magnetic field gradient of strength 0.5 G/cm this pulse excites transverse mag-
netization of a plane of about 4 mm thickness perpendicular to the direction of the
gradient. The time interval from the center of the rf pulse to the maximum of the
gradient echo is about 9 ms. Prior to the recording of the first projection data we have
employed dummy excitations for about 0.5 s to establish a steady-state magnetization.
Dummy experiments can be avoided by adjusting the flip angles of the rf pulses such
that equal amounts of transverse magnetizations are excited. Assuming an average
value of T, this can be done by starting the experiment using low flip angles and
increasing their values asymptotically to the desired steady-state value during the initial
part of the imaging sequence. Since individual experiments have a duration of 18 ms,
the imaging times are 1.15 and 2.3 s for a 64 X 128 image and a 128 X 128 image,
respectively. 256 X 256 images may be recorded within 6 s. These imaging times may
even be reduced using magnetic field gradients with higher field strengths (e.g.,
2 G/cm) and/or better switching times (e.g., | ms or less).

Spin-Lattice Relaxation Time Contrast

FLASH imaging techniques take advantage of a high-level steady-state of the lon-
gitudinal magnetization. This level is determined by the repetition time of the rf pulses,
their flip angles, and the spin-lattice relaxation time 7',. Assuming a constant measuring
time, i.c., repetition time, the T contrast is only dependent on the flip angle. Figure
2 demonstrates the effect of varying the flip angle from 10 to 40° (Figs. 2a—d) for a
phantom with different T values. For a selected 7' value, increasing the flip angle

FIG. 2. Spin-lattice relaxation time contrast within 100 MHz 'H NMR FLASH images (128 X 128 pixels
corresponding to | mm resolution, 4 mm slice thickness, measuring time 2.3 s). The water phantom shown
contains different T values ranging from 2600 ms (upper row left) to 220 ms (upper row right), and 430,
860, and 1150 ms (lower row from left to right). (a~d) Images obtained with flip angles of 10, 20, 30, and
40°. (e) Same as (a) but with application of an 180° pulse immediately prior to the imaging sequence shown
in Fig. 1. (f) Same as (¢) but with a measuring time of 1.15 s according to a 64 X 128 pixel resolution.
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results in reduced signal intensities because of a more pronounced degree of saturation.
Vice versa, for a given flip angle the intensity increases with decreasing 7.

An additional way of enhancing T contrast within FLASH images is due to the
use of extra pulses, €.g., 90 or 180°, at selected positions during the imaging sequence.
Since the measuring times of the rapid NMR images are of the order of the spin-
lattice relaxation times, 1.e., 1-2 s, even a single rf pulse will result in intensity changes.
However, the point spread function along the phase-encoded direction might be
changed due to imaging in the presence of a nonequilibrium state. As an example,
Figs. 2e, f show the influence of a 180° pulse applied prior to the imaging sequence
after termination of the dummy excitations. This pulse inverts the steady-state mag-
netization, so that the subsequent recovery period is probed by the FLASH imaging
procedure. Depending on the imaging time the intensities of image contributions with
different T, values are manipulated. For example, in the 2 s image shown in Fig. 2¢
the large water 7 value of about 2 s is mainly affected. In addition, the 1 s image
exhibits a further signal reduction of contributions with 7', values of about 1 s leading
to a strong contrast enhancement with respect to short 7', values. In general, the
accessible T, contrast within rapid images is about the same as within conventional
NMR images, i.e., tissues with high 7', values are represented by low intensities, while
tissues with low 77 values appear brighter.

Effective Spin-Spin Relaxation Time Contrast

Strong contrast within FLASH images is due to the attenuation of the gradient echo
or FID by the effective spin—spin relaxation time T,.g. In principle, Th.q reflects the
occurrence of inhomogeneities of the static magnetic field either within the NMR
magnet or the individual tissues. Problems of magnetic field inhomogeneities have
been mainly overcome by the use of superconducting magnets, so that in the absence
of gradients within the imaging object conventional T, contrasts are to be expected
by varying the echo time. On the other hand, in the case of internal gradients in tissues
in vivo T,g contrasts give new access to structural information. This is demonstrated
in Fig. 3 depicting horizontal FLASH images of the human hand at three different
echo times. Using a short echo time of about 9 ms (Fig. 3a), the image appears more
or less normal showing muscles, joints, marrow, vessels, and fat. However, as known
from spin-echo or stimulated-echo images, the lipid signals from the bone marrow
should be more intense due to their short T} values. Their intensity is considerably
reduced because of the generation of internal gradients shortening T mainly in the
heterogeneously structured regions of the bones. In particular, the trabecular structure
of the bones in the wrist and in the epiphysial parts of the metacarpalia leads to
significant signal losses, whereas the lipid signals from the cavities exhibit strong in-
tensities due to their short 7, and relatively long 7. These effects are even better scen
in Fig. 3b using an echo time of 17 ms. In the 22 ms image shown in Fig. 3c one can
already recognize the influence of B, inhomogeneities in the upper left part of
the image.

Elimination of Motional Artifacts

NMR imaging in vivo often suffers from image artifacts in the direction of the phase-
encoding gradient due to motions of the object under investigation. While periodic
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motions such as breathing and heart beat may be accounted for by gating or triggering
techniques, artifacts due to nonperiodic motions such as peristaltic can hardly be
avoided. Rapid FLASH imaging yields a simple solution to these problems. This is
because fast movements with time constants of the order of the imaging time do not
affect the imaging procedure. This is demonstrated in Fig. 4a for a horizontal slice
through the abdomen of a live anesthesized rabbit depicting a kidney, the lungs, the
diaphragm, the stomach, and parts of the liver and the dorsal mediastinum. The
measuring time is 2.3 s. In Figs. 4b-d the measuring time has been increased to 9, 18,
and 36 s by increasing the repetition time of the sequence. Obviously, the image
quality is severely degraded.

On the other hand, averaging of accumulated FLASH images is possible to increase
SNR at the expense of time resolution. This is demonstrated in Figs. 4e~g which show
images with the same overall measuring time as in Figs. 4b-d. However, instead of
increasing the repetition time, 4, 8, and 16 individual 2.3 s FLASH images have been
summed up. Although the images exhibit some minor blurring effects, the gain in
quality as compared to Figs. 4b-d is striking. It turns out that even periodic motions
with time constants shorter than the measuring time may be imaged by averaging
rapidly recorded FLASH images. This can be judged from the appearance of the dorsal
mediastinum within Figs. 4e~g. This finding is currently explored for heart imaging
without gating (/6).

CONCLUSION

A new rapid NMR imaging method is presented (i) with optimized SNR, (ii) with
the choice of a variable compromise between spatial, time resolution, and SNR, and
(iii) with the possibility of recording NMR movies. Furthermore, the FLASH imaging
sequence may easily be modified to allow three-dimensional NMR imaging by replacing
the slice-selective rf pulse by a nonselective pulse and the slice selection gradient by
an additional phase-encoding gradient perpendicular to the other gradients. 3D NMR
images with a resolution of 128 X 128 X 128 pixels may be obtained within a measuring
time of about 4 min (17). However, a major advantage of the rapid 2D technigue is
the absence of motional artifacts within the images. Even dynamic imaging of rapid
nonperiodic movements becomes possible (/8) and fast physiological changes may be
investigated by recording NMR “movies” comprising sequential images (/9). When
combined with rapid image reconstruction and display routines, sequential multislice
FLASH images may be used to move the imaging plane “on line” through the body.
In medical applications rapid NMR imaging will considerably improve the convenience

FIG. 4. Elimination of motion artifacts by FLASH NMR imaging. The images shown (128 X 128 pixels
corresponding to 1 mm resolution, 4 mm slice thickness) refer to horizontal slices through the abdomen of
a live anesthesized rabbit depicting a kidney, the lungs, the diaphragm, the stomach, and parts of the liver
and the dorsal mediastinum. This cross section is affected by peristaltic, respiratory, and cardiac motions.
(a) Conventional FLASH image with a measuring time of 2.3 s. From (b-d) as well as from (e-g) the
measuring time increases from 9 s (b, €), to 18 s (¢, f) and 36 s (d, g). The images (b~d) are obtained by
increasing the repetition time, whereas the images (e-g) refer to averages of 4, 8, and 16 subsequent recordings
of 2.3 s FLASH images, respectively.
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of patients as well as lower the economic constraints to the use of NMR by today’s
public health care.
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