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The simultaneous multislice technique is 2 method of imaging multiple parallel slices
with the number of echoes normally used to image a single slice. Images of 16 slices have
been obtained from a single 128-echo acquisition. The distance between the slices can be
decreased to approximately 15% of the field of view in the readout direction with the cost
of significant image blurring. The image blurring is negligible when the distance between
the slices approaches the field of view in the readout direction. The trade-offs are de-
scribed, and equations and images are presented.  © 1988 Academic Press, Inc.

INTRODUCTION

It is important to minimize MRI measurement time both because it is expensive
and because it is difficult to image moving anatomy. Multiple-echo and multiple-
slice imagings are important for this purpose. Shorter imaging times are one of the
major advantages of low-RF-angle, gradient-refocused imaging, €.g., FLASH (1-3).

A method of multiplexing several slices into one acquisition is described. The tech-
nique is called simultaneous multislice acquisition. Images generated using this tech-
nique are shown. Simultaneous multislice imaging is similar to a technique developed
for line scanning by Mansfield ez al. (4, 5). Instead of acquiring one line of the image
at a time. the readout direction was tilted to allow several lines of the image to be
acquired simultaneously.

In conventional imaging techniques, one set of echoes contains the image informa-
tion for a single slice. When the simultaneous multislice technique is used, a set of
echoes contains the image information for multiple slices. This new technique excites
several parallel slices with each RF pulse. During the readout of an echo, two gradi-
ents are applied simultaneously: the usual readout gradient and the slice selection
gradient. The readout gradient spreads the signal from each slice over the slice band-
width. The slice bandwidth occupies a portion of the bandwidth sampled by the im-
ager. The slice selection gradient adds a frequency offset to the signal from each slice.
When the frequency offset is greater than the slice bandwidth, the bandwidths of
the slices will not overlap; therefore, the slices appear side by side in the image after
reconstruction.

The number of slices that can be obtained with the simultaneous multislice tech-
nique is limited only by the bandwidth of the imager, the accuracy of the RF pulse
shape, and the maximum RF power. The spatial resolution in the readout direction
deteriorates if the slices are located too close together. The voxels become more tilted
and the images appear more blurred as the slices are brought closer together.
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1. IMPLEMENTATION This relationship sets appro

Most sequences can be modified to implement the simultaneous multislice tech- minimum distance between
nique. Implementation of the simultaneous multislice technique requires three modi- [4] will follow. The distance
fications to a sequence: the RF pulses must excite multiple slices simultaneously, the ratio Gs/ Gg. However, ther
slice selection gradient must be on during signal acquisition, and a larger bandwidth increases as the ratio Gs/ Gr
must be sampled. ‘ Afaepin» along the voxel depth

gradient on during the acqui
(a) RF Pulses portional to Gs and the slice"

RF pulses that excite several slices simultaneously can be produced. The normal
slice selection pulse is a sin( )/ function, where is time. The position of the excited
slice can be moved by multiplying the sin(¢)/¢ function by a complex exponential in
the time domain. A pulse that excites two parallel slices simultaneously is formed by
adding two sin(¢)/¢ functions that are multiplied by different complex exponentials.
A convenient way to do this is to multiply the sin(¢)/t function by a cos(dt). Because
the cos(dt) is a sum of complex exponentials, this has the effect of exciting two slices
which are located a distance, d/2, on either side of the original slice position. The
sin()/¢ function multiplied by cos( d1)-cos(2dt) excites four slices. The four slices
are also spaced a distance d apart. With this technique, the number of slices can be
increased to any power of two. and all of the slices will be evenly spaced.

When Afjepm 1is larger than -
pixels are skewed: the pixel sl
blurred in the image. The t
bottom appears m, voxels to 1

where P is the dimension of
quantity 7y, is an index of blu
slice with the effective readou
that as Gs/Gg is increased i1
blurring increases. If n, is ke
used a slice selection gradien
chemical-shift effects [6]. A
negligible in normal imaging
The precise relationship fi
the slices in the image must i
image should be extended b
overlap the blurred edge of tl

(b) Gradients and Bandwidth Utilization

A larger bandwidth can be sampled by decreasing the dwell time of the analog to
digital converter: i.e.. increasing the sampling rate increases the bandwidth sampled.
In the simultaneous multislice technique, the bandwidth sampled, Af, must be many
times the bandwidth occupied by each slice, Afgice. The amount of the imager band-
width that each slice occupies is determined by the size of the gradients turned on
during signal acquisition.

The minimum separation between slices and the amount of blurring in the image
are determined by the relative sizes of the readout and the selection gradients that are

on during the echo acquisition. The bandwidth that each slice occupies, Afgice, 18 a) .
proportional to the strength of the readout gradient, Gg, and the field of view. F’, ohose - "]Z
AMyice = v+ Gr- F, [1] read T !
where v is the gyromagnetic constant. The frequency offset between the slices. Afofer, i W
is proportional to the strength of the selection gradient on during the echo. Gs. and select T

the distance between the slices, d,
A.}(t;)ffse( =7 GS' d [2]

The slices will be separated completely in the reconstructed image only if the fre-
quency offset. Moer» 18 equal to or larger than the slice bandwidth, Afice-

Afotrset = Mtice [31 FiG. 1. (a) A group of voxels fro
volume. (¢) The pixel skewing when

or little blurring would result. The net
- - perpendicular to the net gradient. (¢

Gs-d=> Gr: F. (4] (ny = 3). The blurring would be sign
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This relationship sets approximate limits on the sizes of the gradients and on the
minimum distance between the excited slices; a relation that is more realistic than
[4] will follow. The distance between the slices can be minimized by maximizing the
ratio Gs/Gr. However, there is a skewing or tilting of the voxels in the slice which
increases as the ratio Gs/ Gr Increases. The skewing is caused by the frequency shift,
Afaepn» along the voxel depth. This skewing is caused by the presence of the selection
gradient on during the acquisition. The frequency shift along the voxel depth is pro-
portional to Gs and the slice thickness, T,

Aj(viepth =" Gs- T. [5]

When Afgepm is larger than the frequency shift across the voxel width, Afsiam. the
pixels are skewed; the pixel skewing causes cylindrically symmetric objects to appear
blurred in the image. The top of the voxel appears n, voxels to one side and the
bottom appears ny, voxels to the other side,

”b:(GS'T/Z)/(GR'P)~ [6]

where P is the dimension of the voxel in the direction of the readout gradient. The
quantity 7y, is an index of blurring in the image. Figure 1 shows a cross section of the
slice with the effective readout gradient and the resulting voxel outlines. It can be seen
that as G/ Gg is increased in order to decrease the distance between the slices, the
blurring increases. If 7y, 1s kept small, negligible image blurring will result. Cho ez al.
used a slice selection gradient during data acquisition to eliminate susceptibility and
chemical-shift effects [6]. A Gs/Gr of one was used: the blurring was reported to be
negligible in normal imaging.

The precise relationship for the minimum frequency offset necessary to separate
the slices in the image must include extra bandwidth for the blurring. The edge of the
image should be extended by 7, pixels so that the blurred edge of one slice will not
overlap the blurred edge of the next slice. The effective field of view has two edges, so

Gradients on )

select

= SRR

FiG. 1. (a) A group of voxels from a conventional imaging sequence. (b) A row of pixels from the
volume. (¢) The pixel skewing when a small selection gradient is on during data acquisition (n, = 1) very
little blurring would result. The net read gradient on during the ADC is shown; the pixel borders are
perpendicular to the net gradient. (d) The effect of a large selection gradient on during data acquisition
(n, = 3). The blurring would be significantly larger.
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it must be extended by 2n, pixels. In practice, it is useful to have three or four pixels
with no signal between the images. The effective field of view would be extended by
2ny, + 4 pixels. The bandwidth each slice occupies is then

Afiice = v- Gr-(F + (2n, + 4)- P). [7]

By combination of [2], [3], [6], and [7], a more practical relationship among the
gradient sizes, the field of view, and the minimum distances between the slices is
obtained:

Aumin = (Gr/Gs)-(F+4P)+ T. (8]

Equations [ 6] and [8] show the limitations of the simultaneous multislice technique
as it is implemented on a conventional scanner. These limitations can be mitigated
by limiting the field of view in the readout direction or by employing nonlinear pulsed
gradients. Several techniques for limiting the field of view are being developed for
spectroscopy; presaturation and surface coil techniques are the most common ( 7-9).

II. METHODS
(a) Sequences

The two sequences used to obtain multiple slices simultaneously are shown in Fig.
2. The sequences were implemented on a Siemens 1-T Magnetom. The first sequence
is used to explore the limits of the technique: slice profiles, slice positions, number
of slices obtainable, and pixel skewing. The second sequence is a FLASH sequence
modified to implement the technique. The modified FLASH sequence is an example

a)
Selective Non-selectve Echo
90° 180°

RF — N L W .
Gradients

Select Mpma | S |

Reod NS 1

Phase _ _B==

b) Echo
90°
RF N — A—
Gradients

Select f_—‘—‘—_J -

Read PR | ;‘ —
Phase D —

FIG. 2. The pulse sequence in (a) represents the sequence used to test the effects and extent of blurring
for several gradient sizes and slice thicknesses. Two, four, eight, and sixteen simultaneous slices were ob-
tained with this sequence. The 180° pulse was nonselective. Therefore, standard multislice acquisitions are
not possible with this sequence. The pulse sequence in (b) represents a FLASH sequence modified to
obtain simultaneous multiple slices. This sequence is used as an example; most standard sequences can be
modified to obtain simultaneous multiple slices. The FLASH sequence can operate with both simultaneous
multiple slice acquisition and standard multislice acquisition.
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of a clinical sequence implementing the simultaneous multislice technique; most
standard sequences can be modified to implement the simuitaneous multislice
technique.

The RF pulse shapes were sin(¢)/¢ functions as described previously. The pulse
shapes were generated by a FORTRAN program. A Hamming filter was used to mini-
mize ghost images of excited spins between the slices produced by finite sampling of
functions on an infinite domain.

Both sequences in Fig. 2 sampled the echo with 1024 data points 15 us apart. The
resulting sampling times were longer than those of standard sequences; the longer
sampling times resulted in longer echo times than those usually employed. The maxi-
mum bandwidth of the imager, 25 kHz, was used. The images were reconstructed
from the raw data with a FORTRAN program.

The slice separation was measured with two sequences in which the phase-encod-
ing and readout gradients were turned off. The selection gradient was kept the same
asthat in the imaging sequence. The first sequence used selective pulses. The resulting
images showed the slice profiles along the length of the phantom. The second se-
quence used nonselective RF pulses. The resulting images showed a profile of the
phantom. The length of the phantom was used to calibrate the distances between
dlices measured with the first sequence.

(b) Image Blurring vs Slice Separation and Slice Thickness

The sequence shown in Fig. 2a was used to image a 19-cm-diameter phantom. The
size of the readout gradient was kept constant at 0.65 mT/m. The size of the selection
gradient was changed to vary the amount of blurring observed in the images. The
effect of increased slice thickness was also observed. The minimum slice separation
for each gradient strength was found by increasing the separation factor, d, in the RF
pulse calculation until the resulting images had a perceptible distance of flat, back-
ground intensity between them. The sequences without the readout gradient were
then used to measure the slice separation.

(c) Volume Imaging

The modified FLASH sequence shown in Fig. 2b was used to show that a volume
can be imaged in a short period of time. The modified FLASH sequence is capable
of performing both conventional multislice and simultaneous multislice acquisitions.
For example, if a conventional FLASH sequence with a TR of 0.32 s requires 50 ms
per slice, 6 slices can be imaged. The FLASH sequence modified to implement 16-
slice simultaneous multislice imaging can generate images of 96 slices with the same
TR;i.e., 16 slices are imaged simultaneously for each slice imaged in the conventional
FLASH sequence.

A 190-mm-long, 90-mm-diameter phantom was imaged with 94 consecutive 2-
mm-thick slices in 47 s. The FLASH images are T2 weighted; TR = 0.32s, TE = 25
ms. Six images were obtained; each image has sixteen 2-mm simultaneous multislice

sections of the phantom. The minimum slice spacing or the maximum ratio Gs/ Gr
was used.
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[1I. RESULTS AND DISCUSSION

(a) The sequences shown in Fig. 2 were implemented on a Siemens 1-T Mag-
netom. The sequences produced images of phantoms with no major problems. All
images were obtained with the head coil of the Magnetom. An example of a simulta-
neous eight-slice acquisition is shown in Fig. 3.

Adjusting the RF transmitter and receiver gains was done manually because the
automatic adjustment routines did not operate for the RF pulses used here. Manual
adjustment is difficult, time consuming, and not very accurate. Image quality could
be improved significantly by improving the receiver gain calculation. Minimizing the
excitation of spins between the slices by optimizing the RF envelope would also be
productive.

(b) The trade-off between minimum slice separation and image blurring is illus-
trated in Fig. 4. The resolution portion of the 19-cm-diameter phantom is shown for
a conventional image and for three values of the blurring index, n,. The values of n,
the minimum slice separation, and the ratio of the gradient strengths Gs/ Gy for the
four images are shown in Table 1. The blurring in Fig. 4b is just discernible. The
blurring in Fig. 4c is distinct. The blurring in Fig. 4d renders the image of limited
usefulness.

The blurring caused by increasing the slice thickness is demonstrated in Fig. 4e.
The slice shown in Fig. 4e has the same Gs/ Gr as that of Fig. 4c but is twice as thick,
i.e.. 4 mm thick. Therefore, the slices shown in Figs. 4d and 4e have the same value
of ny,. The blurring is the same.

FIG. 3. An eight-slice simultaneous multislice acquisition. The slices are 2 mm thick and 2.4 cm apart.
The drop off of intensity away from the center of the image is due to the 25-kHz lowpass filter of the system.
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FiG. 4. The image blurring caused by simultaneous multislice acquisition. A convemio‘nal_irr;uge4 1:

2 - . . . . . 5

shown in (a). The sequence in Fig. 2a was used to obtain three images with (15/(,,{(;/:ilues of .l .,l (‘.’ ): (é)
. 5 > hick, TR = 0.4 s, TE = 38 ms, and 2 mm pixel Size.

¢).and 9.2 (d). Images (a. b, ¢, and d) are 2 mm thick, 1R =9.% 25, 8N¢ pixel -

(AA)4-mm—thick slice with G/ Gg of 4.6; the value of 7, in this slice is the same as that in (d). Table 1 shows

the values of 1, for the slices shown.
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TABLE 1

Minimum Slice Separation Measured and Calculated with Eq. [8] for the Three Gradient Ratios
Used to Produce the Images in Fig. 4

d minimum (mm)

190-mm field of view 90-mm field of view

Ratio Blurring

Gs/Gr index ny, Calculated Measured Calculated Measured
9.2 7.9 24 24 13 13
4.6 39 45 45 24 24
1.5 1.3 135 135 68 71

Note. Pixel size, P, is 2.3 mm and slice thickness, 7, is 2 mm.

Figure 5 shows a comparison between a pair of slices imaged simultaneously and
images obtained with a conventional spin-echo sequence. The images in Fig. 5a were
obtained with the simultaneous multislice technique; the value of n is 1.3. The im-
ages in Figs. 5b and 5c¢ were obtained with a conventional spin-echo sequence. The

FIG. 5. Images obtained from three acquisitions using identical parameters; TR = 0.25, TE = 38 ms,
slice thickness = 2 mm, and 128 matrix. (a) Obtained with the simultaneous multislice technique; the
blurring index, ny. is 1.3. (b and ¢) Generated with two conventional acquisitions of the same two slices.
Minimal image degradation is observed in the readout direction of the simultaneous multislice images.
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same parameters were used in all three acquisitions. There is very little image degra-
dation in the simultaneous multislice images.

(c¢) Figure 6 shows one of the 6 images obtained from the FLASH sequence modi-
fied to implement simultaneous multislice capabilities. This image has 16 sections of
the homogeneous phantom in the same image. The darkness of the ends of the image
is caused by the roll-off of the low pass filter. A wider low pass filter is needed. The
end slices show significant degradation. Figure 6 also shows the position of the 16
slices obtained from each of the 6 images of the phantom. The entire 190 mm length
was imaged with 2-mm slices in 47 s. Three-dimensional FLASH sequences require
measurement times on the order of 10 min (3). The conventional FLASH sequence
we currently use requires a TR of 32.2 ms per slice. Therefore, the 190 by 90-mm
phantom could be imaged with 2-mm axial slices in 63 min or with sagittal slicesin 3
min. The increase in the number of slices that can be obtained with the simultaneous
multislice technique is dramatic. However, the image quality for simultaneous acqui-
sition of large numbers of slices must be improved significantly.

IV. CONCLUSIONS

A method that produces simultaneously acquired images of multiple parallel slices
has been presented. For slice separations approximately equal to the field of view in
the readout direction there is very little image degradation. Slice separations as small

FIG. 6. Shows one of the six images obtained with the FLASH sequence modified to implement both
simultaneous multislice and conventional multislice capabilities. Each of the six images shows sixteen 90-
mm-diameter sections side by side. The parallel sections are 12 mm apart. The bottom of the figure also
shows the position of each section in the phantom. These are views of the phantom and the excited sections
with no phase or readout gradients; therefore, these are side views of the phantom and the sections imaged.
The sequences used are described under Methods. The solid bar is a side view of the extent of the phantom;
it is 190 mm long. The other six rows are side views of the six images obtained with the conventional
multislice capability of the sequence. The white lines is each row are side views of the sections imaged and
indicate the position of each section imaged. The entire phantom was imaged with ninety-four 2-mm-thick

axial sections in 47 s.
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as 15% of the field of view can be used, but significant image blurring occurs. Tech-
niques to limit the field of view in the readout direction should be developed to allow
closely spaced slices. The simultaneous multislice technique can be used productively
in at least two situations: to extend the number of slices obtained without increasing
the repetition time and to image volumes in very short times.
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