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A new high-speed MRI method is described for single-shot line
scan imaging (LSI) based on stimulated echoes (STE). To allow for
multislice imaging, the technique comprises a series of slice-selec-
tive preparation pulses (each corresponding to the first RF pulse of
a STE sequence), a slab-selective refocusing pulse (second RF
pulse), and multiple line-selective read pulses (third RF pulses).
An alternative version employs packages of two slice-selective
pulses followed by multiple line-selective read pulses. Experimen-
tal applications deal with human brain imaging on a clinical MRI
system at 2.0 T. The technique offers user-selectable trade-offs
between volume coverage (1-15 sections) and in-plane spatial
resolution (1-5 mm linear pixel dimension) within total acquisition
times of less than 500 ms. Although LSI yields a lower signal-to-
noise ratio than Fourier imaging, single-shot LSI with STEs is free
from resonance offset effects (e.g., magnetic field inhomogeneities
and susceptibility differences) that are typical for echo-planar
imaging. Moreover, the technique exhibits considerable robustness
against motion and provides access to arbitrary fields-of-view, i.e.,
localized imaging of inner volumes without aliasing artifacts due
to phase wrapping. © 1999 Academic Press
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INTRODUCTION

geometric distortions that are caused by the unavoidable El
sensitivity to chemical shift effects, magnetic field inhomoge:
neities, and susceptibility differences. A convenient principle
for LSl is to define columnar strips of magnetizations by the
cross-section of two slice-selective RF pulsésy). In order to

avoid saturation of subsequent line magnetization, both th
excitation and refocusing plane may be rotated out of th
desired image plane (8). Diffusion-weighted modifications
achieved measuring times of about 20—30 s per section (9, 1(

The first single-shot LSI sequencEl] used stimulated echo

(STE) signals that were generated by two identical slice-selel
tive RF pulses and a series of spatially shifted “third” RF
pulses perpendicular to the excited image plane. A more rece
spin-echo (SE) analogue refocuses a series of slice-selecti
RF excitation pulses with a single perpendicular slice-selectiv
180° RF pulse 12). These single-shot LSI techniques are
single-slice sequences because the various line excitations le
to spatial saturation of magnetizations outside the image plat
and therefore preclude rapidly repeated measurements of &
jacent sections. To overcome this limitation and to allow fol
high-speed volume coverage, the present work proposes t
adaptation of multiple-echo encoding elementg)(for the

development of single-shot multi-slice LS| sequences based ¢
STE signals. Preliminary applications deal with imaging of the

Line scan imaging (LSI) techniques were among the firsuman brain with measuring times of less than 500 ms.
approaches to magnetic resonance imaging (MRHB]. Im-
age reconstruction is accomplished by multiple independent
acquisitions of signals from columnar “lines” of magnetization
followed by 1D Fourier transformation and a proper arrangingle-Shot Multislice LS| Sequences
ment of the resulting line intensity projections into a 2D array. _ . ,

Although LS| was rapidly abandoned during the historic Figure 1 shows two basic pulse sequences for single-sh
development of MRI because of its inherently low efficiency iftultislice LSI using STEs. The examples refer to the acquisi
comparison to Fourier imaging), it bears some interestingt'on of 3 sections. For sake of S|mp.I|C|ty spoyler grgdlents ar
features not available with Fourier methods. In particular, tfgnitted. The denqta}tlop of the I(?g|cal grad|ent directions is
absence of spatial phase-encoding eliminates correspondidgPted to LSI as ‘Line’ replaces ‘Phase’ for Fourier imaging
motion errors and their propagation through image spaéfés. orlentatlpn is alpng the dlrect|op of line progression. .
Accordingly, renewed interest in LSI is mainly motivated by When using partially slab-selective preparation as shown i
the robustness against involuntary subject motions in critica# 9. 1a, the sections are sequentially excited by a series
sensitive applications such as diffusion-weighted MRP |ce'-select|ve RF pulses. The correspondling sllce-selectlg
Whereas current diffusion studies often employ echo-plar@2dients are rephased by alternating the sign of consecuti
imaging (EPI) to overcome the motion problem, e.g., $8e (gradlent pulses as well as by a final gradient lobe after the la

they introduce other image artifacts such as signal losses &Hd Pulse of the excitation part. A cumulative predephasin
readout gradient is applied after each of the RF excitatio

! To whom correspondence should be addressed. E-mail: jfranm@gwdgjaelses. This ensures proper rephasing of the STE signals tt
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FIG. 1. Single-shot multislice line scan imaging using stimulated echoes (for three sections). (a) Basic sequence with slice-selective excitation puls
bracket) and a single slab-selective refocusing pulse, and (b) alternative version with two slice-selective preparation pulses per section (first three bra
both cases the lines for a full image are defined by repetitive applications (n times) of a spatially shifted line-selective read pulse (last bracket).

are temporarily separated during data acquisition in accordampestinent magnetizations for all sections individually. Com-
with the echo time offseATE/2 in between slice-selective RFplete rephasing is achieved by inverting the sign of the secor
pulses. Slice-selective preparation is terminated by a slallice-selective gradient relative to the first one. The preparati
selective (or even nonselective) RF pulse which simultatep is repeated for all sections with increasing echo times au
neously realigns the magnetizations of all sections along the=dephasing readout gradients to achieve echo time offsets
longitudinal direction. The final step involves a slice-selectivihe final STE signals.
readout RF pulse in line direction, i.e., perpendicular to the The data of each STE are Fourier transformed and stored
image plane, that generates STEs from the columnar intersadine of 1D intensities in a 2D image array. Full line scan
tions with the initially prepared sections. Because of theiimages are obtained by multiple repetitions of the final line:
different timings and accumulated phases in readout directiaelective readout RF pulse applied to spatially shifted plane
the magnetizations of the individual slice-selective STEs ref&poiler gradients must be introduced to the basic sequences
cus at different echo times. Fig. 1 to ensure sufficient suppression of unwanted signal
In the alternative sequence shown in Fig. 1b, sequentighis is especially important for the line-selective generation o
packages of two slice-selective RF pulses excite and realidpe STES as their intensities compete with the unwanted FI
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TABLE 1

Parameters for Single-Shot Line Scan Imaging Using Stimulated Echoes
Number of sectiorfs 1 1 3 5 7 b
Sequence version Slab-selective Slab-selective Slab-selective Slab-selective Slice-selective Slice-sele
Imaging time 457 ms 368 ms 443 ms 484 ms 386 ms 371 ms
per section — — 148 ms 97 ms 55 ms 25 ms
Number of lines 40 40 40 40 32 24
FOV/mn? 256 X 80 384X 120 384X 120 384X 120 240X 120 320X 120
Pixel/mnt 1.0x 2.0 1.5X 3.0 15X 3.0 3.0x 3.0 3.75X 3.75 5.0X 5.0
Display’ 1.0x 1.0 15X 1.5 15X 1.5 3.0x 3.0 1.88% 1.88 25X 25
SNR° 17 41 23 42 50 51
First TE 11.08 ms 8.90 ms 5.70 ms 4.94 ms 4.50 ms 3.96 ms
ATE — — 4.88 ms 3.34 ms 2.06 ms 1.04 ms
Acg/echo 8.320 ms 5.632 ms 2.432 ms 1.664 ms 1.024 ms 0.512 ms
TR/line 11.03 ms 8.87 ms 10.65 ms 11.64 ms 10.46 ms 11.04 ms

# All sections had a thickness of 5 mm, slice gaps were 1.25 mm.
® To facilitate direct comparisons, all images displayed in Figs. 2—6 are scaled to a FOV of 200 mm.
¢ For the central section of a water phantom.

from a complete slice perpendicular to the image plane. Finigh-speed imaging sequences. In all cases the total imagil
thermore, sufficient dephasing is required to decouple tlime has been kept below 500 ms.

acquisition of subsequent STE signals. In general, the choice of a particular LSI sequence depent
. . on the desired bandwidth (i.e., SNR), the number of STEs p¢
MRI Studies of Human Brain echo train (i.e., the number of sections), the number of line

All studies were conducted at 2.0 T using a whole-body M-+ the FOV and resolution), the RF pulse duration, and th
system (Magnetom Vision, Siemens, Erlangen, Germany) with S§W rate of the gradient system. For example, if high spatic
mT m* gradients (maximum slew rate 40 mT hms %). Images resol_unon prolongs the acqu_lsmon penod_, then prefe_ren(_:e mé
were obtained with the standard circularly polarized head cdi€ 9iven to the slab-selective LSI version shown in Fig. 1:
Conventional data processing for Fourier imaging was adaptedffause it leads to a shorter overall preparation period. On t
LSI requirements. In particular, filtering and Fourier transform&ther hand, coarse resolution in the direction of the readol
tion were discarded along the direction of the moving lines, i.e., giadient renders true slice-selective preparation advantagec
the direction of the usual 2D phase-encoding gradient. If appliéth Shown in Fig. 1b. In this case, shorter acquisition perioc
postacquisition image processing involved a linear interpolatigifcrease the echo train length which allows an increase in t
of intensities from neighboring lines. number of sections. _ _

Measurements were carried out on phantoms and healg;éw hereas Fourier imaging employs spatial phase encodin
young subjects. Written informed consent was obtained in 4P @chieves resolution along one image dimension by slic
cases before the examinations. Transverse single-shot multisiE&€ction which, for identical in-plane resolution, requires
LSI of the brain was performed by exciting sections from head fonger gradients. Nevertheless, as far as hardware requi
feet and lines from right to left (or reverse). Anatomical, fast scaffi€Nts are concerned, the availability of a fast gradient syste
and high-speed images were obtained with use of fast spin efh80t @s important for single-shot LSI as for EPI. This partic-
sequences (FSE, TR/TE 2625/98 ms, 5 echoes per TR, 0,95 ularly applies fco LSI with _sllce—selectlve preparanon (Fig. 1b)
0.95 mn? pixel resolution, 15 sections, measuring time 2 mifécause gradient ramp times and amplitudes only affect tt
16 s), low flip angle gradient-echo sequences (FLASH, TRATE first echo time TE (and thereby TR), but nATE and the
45/4 ms, 1.5< 3.0 mnf, measuring time 6.3 s), and single—sholﬁngth of the echo train. Weaker gradients are mainly at th

blipped spin-echo EPI (SE-EPI, TE 70 ms, 1.88< 1.88 mnf expense of the number of slices and lines or of the measur
measuring time 168 ms). ' ’ " ment time and inherent signal decay (see below). For instanc

the use of 15 mT m' gradients with 1 ms rise times simply

RESULTS AND DISCUSSION prolongs the imaging time for a LSI version with 7 sections

from 386 ms (see Table 1) to 473 ms. Pertinent sequences he

Table 1 summarizes a variety of single-shot LS| sequenc§o been experimentally verified (data not shown).

that have been experimentally realized to analy;e achlevaglgsic Properties of Single-Shot LS|
trade-offs between volume coverage (1-15 sections), in-plané

resolution (1-5 mm linear pixel dimension), and signal-to- The image properties of a single-shot LS| measurement a

noise ratio (SNR). Moreover, different implementations servettmonstrated in Fig. 2 in comparison to conventional FSI

to facilitate comparisons with conventional, fast scan, arichaging and high-speed SE-EPI, respectively. The most pron
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FIG. 2. Single-shot line scan imaging of the brain of a healthy young adult. (a) Localizer FLASH imagg (ILO mnt), (b) FSE image of the selected
section, (c) SE-EPI (1.8& 1.88 mnd, 168 ms), and (d) single-slice line scan image (%.3.0 mnt, 368 ms, for other parameters see Table 1).

inent observation is the absence of any susceptibility-inducsaturation. However, strong additional contributions stem fro
signal losses and geometric image distortions in the line sdatrinsic signal attenuations due to T1 relaxation and diffusio
image shown in Fig. 2d. Whereas EPI suffers severe artifactdfrat occur during sequence progression. These intensi
critical regions such as the lower part of the brain close teeightings are caused by an increase of the effective midd
major air cavities, LS| based on STEs completely avoidsterval TM with increasing line number. The most prominent
problems due to resonance offsets by using RF refocussmhsequence is an intensity decrease that follows the history
echoes rather than gradient echoes. line acquisitions within a single-shot image. Thus, “later” lines

The basic contrast of single-shot line scan images is spiith a larger effective TM enhance the signal attenuation du
density as all spins are excited only once without a history td T1 and also emphasize diffusion in between the dephasi
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and rephasing readout gradient lobes in related TE/2-intervdisear SNR gain due to an increased voxel size in images wit
Corresponding changes in image intensity and gray/white miidwer spatial resolution easily compensates for the SNR Io¢
ter contrast are clearly visible in Fig. 2d where image linedue to an increased received bandwidth which is only propo
have been acquired consecutively from left to right. Of notéipnal to V/1/acquisition periodThe used acquisition periods
the T1 contrast in LS| behaves similar to T2 attenuation in S&anged from about 0.5 to 8 ms yielding a maximum four-fold
MRI and should not be confused with hyperintensities afecrease in SNR due to bandwidth effects, whereas the me
short-T1 tissues in partially saturated steady-state images wstired pixel size increased by a factor of 12.5.

short repetition times. Here, the shorter T1 value in white

matter as compared to gray matter yields T1-weighted hypoimner Volume Imaging

tensities in Fig. 2d similar to T2-weighted gray/white matter . i I .
contrast in Fig. 2b. Conversely, components with large T1 The absence of spatial phase-encoding in LSI allows for higt

L ) .resolution imaging of inner volumes without aliasing artifacts due
values such as the fluid in the vitreous body and cerebrospina . : . . .
: : 0 phase wrapping. Figure 5 summarizes a series of sequentia
fluid appear bright.

Inherent contrast variations of single-shot LS| methods m acquired single-slice line scan images of a central 80 mm portic

: S - Yo lines) of transverse sections through the human brain at a pi
be alleviated by sequence design, i.e., short timings and min- - :
) ) . resolution of 1.0x 2.0 mnf interpolated to 1.0< 1.0 mnf. Each
imum spoilers, and user-selectable choices such as a reducé . - . .
. ) o IMage was obtained within a measuring time of 457 ms. |
FOV, i.e., a low number of lines. In the human brain images — . ; . .
o : . . ~ contrast to Fourier imaging, these images required neither pha:
shown here, the acquisition of typically 40 lines with a ling

“repetition time” TR of about 10 ms corresponds to a EM .encod'lpg oversampllng nor spatial presaturation of oqter imag
: . . intensities. Moreover, it should be noted that a reduction of th
interval of about 400 ms for the last line. Correspondin

: S . PV in line direction, i.e., a reduction of the number of lines, is
relaxation weightings are also known for other high-speed MR . . . -
: : . . Without expense in SNR. This property is again different tc
techniques. However, in contrast to single-shot LS, T2* r “ourier imaging in which a reduced number of phase-encodir
laxation in EPI {3), T2 relaxation in RARE14) and multi- ging b

slice STEAM-Burst MRI (5), and T1 relaxation in high-speedSteps decreases the total number of RF excitations.
STEAM.MRI (1§) compromise the resolution of respe;ctiv otion Sensitivity
Fourier images in a more general manner by modulating the
point-spread function, i.e., by differently affecting the spatially Another important feature of single-shot LSI is the ex-
phase-encoded signals. As far as diffusion is concerned, sindgtemely low sensitivity to motions of or within the object under
shot LSl is more affected than EPl and RARE and has senisivestigation. The resulting robustness against deliberate al
tivity similar to high-speed STEAM MRI. It is less restrictiveextensive subject motion is demonstrated in Fig. 6 comparin
than Burst MRI which employs cumulative gradient dephasingultislice FLASH and LSI measurements (3 sections) witf
and rephasing periods for all echo signals. single-slice EPI in the (left) absence and (right) presence c
shaking head movements.

The lack of major motion artifacts in single-shot LS| benefits
from both the millisecond acquisition speed for individual lines

Figure 3 shows a single-shot LSI acquisition of 15 sectiormsd the absence of motion-induced phase errors propagati
covering most of the human brain as indicated in the localiztroughk space and image space of Fourier images. In fact, tt
image. Again, the uniform image quality without susceptibilityesulting 2D image represents a sequential series of “snapsh
problems in lower brain sections is a most prominent featules through the object at respective time points. Minor inten
With a total imaging time of 371 ms, the measuring time pesity variations in single-shot LS| of moving objects depend or
section is only 25 ms for this low-resolution scan at 5 mrhe relative direction of movements and line excitations be
linear pixel dimension. As an alternative, Fig. 4 depicts lineause a parallel propagation may lead to partial presaturation
scan images of 5 sections but at an improved pixel resolutiine magnetizations. Relative to the 168 ms single-slice EF
of 3.0 X 3.0 mnf acquired in a single shot within 484 msscan in Fig. 6d, the 443 ms three-slice LS| recording in Fig. 6
(corresponding to 97 ms per section). could have been further improved for a single-slice acquisitiol

Although T2 weighting of the STEs increases with increagielding a more comparable measuring time of only 240 ms.
ing section number, the resulting image intensity variations are
of little importance and barely recognizable in Figs. 3 and 4. CONCLUDING REMARKS
This is because the range of echo times is only about 4—-20 ms
for both the 5 and 15 section sequence (see Table 1). Becaus&dvantageous properties of single-shot LS| using STEs al
of the need for additional readout gradients, diffusion attendue to (i) the lack of susceptibility-related signal losses an
ation is more pronounced in multislice acquisitions than irelated geometric distortions, (ii) the capability of inner vol-
single-slice LSI. Noteworthy, the extension to multislice LSl isme imaging without aliasing artifacts, and (iii) considerable
not at the expense of SNR despite similar or even shortaotion robustness. Whereas the first property stems from tt
measuring times (see data for a water phantom in Table 1). Télgnination of resonance offset effects by RF refocused echoe

Volume Coverage



SINGLE-SHOT LINE SCAN IMAGING

FIG. 3. Single-shot multislice line scan imaging of the brain of a healthy young adult. Localizer FLASH image {100mnf) and 15 sections with a pixel
resolution of 5.0x 5.0 mn? (interpolated to 2.5< 2.5 mnt) and a total imaging time of 371 ms (for other parameters see Table 1).

the latter two features originate from the absence of spatialThe optimum usage of single-shot LS| requires a com
phase-encoding. On the other hand, the main limitation for tbeomise between volume coverage, spatial resolution, al
present method is limited SNR because the efficiency of a li®NR taking tissue-specific relaxation properties into accoun
scan sequence is reduced by a factor\dhumber of lines Notwithstanding certain restrictions, it may find niche ap
compared to 2D Fourier imaging, and because a STE recovplisations in areas such as rapid inner-volume imaging
only half of the signal. The actually achieved SNR is lowediffusion-weighted imaging in the presence of suscepti
than that for EPI, but comparable to multislice STEAM-Burability gradients or at high magnetic field strength, or eve
and high-speed STEAM MRI which both employ low flipimaging of moving objects. Pertinent investigations are i
angle RF pulses. progress.
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FIG. 4. Single-shot multislice line scan imaging of the brain of a healthy young adult. Localizer image (top left) and 5 sections with a pixel resoluti
3.0 X 3.0 mnt (not interpolated) and a total imaging time of 484 ms (for other parameters see Table 1).
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FIG. 5. High-resolution inner volume imaging without aliasing. Sequential acquisitions of single-shot single-slice line scan images of the brain of a health
adult (80-mm strip) with a pixel resolution of 10 2.0 mnT (interpolated to 1.0< 1.0 mnt) and an imaging time of 457 ms (for other parameters see Table 1).
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FIG. 6. Motion sensitivity in imaging of the brain of a healthy young adult. (a, b) FLASH images (TR/®5/4 ms, 30° flip angle, 1.% 3.0 mnt, 1/3
sections), (c, d) single-slice SE-EPI (EE70 ms, 1.88x 1.88 mnf, imaging time 168 ms), and (e, f) single-shot multislice line scan images{(B® mn{,
1/3 sections, 443 ms, for other parameters see Table 1) in the absence (left) and presence (right) of shaking head movements.
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