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A new ultrafast magnetic resonance imaging pulse sequence
named radial echo-planar imaging (rEPI) is introduced. The
sequence is based on a modification of the echo-planar imaging
(EPI) sequence to scan k-space radially, in an attempt to com-
bine the speed of EPI with the benefits of radial sampling. Like
in EPI, all the desired lines in k-space are scanned consecu-
tively in opposite directions. The unique feature of this new
sequence, however, is that the orientation of the readout gra-

frequencies Z3). FBP techniques are usually less prone tc
flow-induced artifacts than FI techniqueg4], and have
been extensively used for obtaining chemical-shift informa
tion (16-18, 25, 2B

To date, FBP techniques have not been performed in
single-shot, ultrafast imaging sequence like EPI. The con
bination of echo-planar readouts with a polar raster was fir:

dient is incrementally rotated, so that all the echoes are refo-
cused through the center of k-space. Therefore, rEPI data are
acquired in a polar grid, and image reconstruction can be done
either by means of filtered back-projection or by regridding the
data to a Cartesian matrix followed by 2D Fourier transform.
First results show that rEPI images can be acquired with the
same speed and signal-to-noise ratio of EPI images. rEPI im-

proposed by Mansfieldlg) and later implemented by Doyle

and Mansfield 17) and by Bowtellet al. (18). The sequence,

designed for fast chemical-shift imaging and named projec
tion-reconstruction echo planar (PREP), consisted of a mu
tipass procedure in which echo-planar readout gradien
were used to encode one spatial dimension and one che
ical-shift dimension on each pass. To encode the secol

ages are also shown to be less sensitive to off-resonance effects
than EPI images. Further studies are underway to investigate
the usefulness of rEPI for spectroscopic imaging and applica-
tions affected by motion. © 1998 Academic Press

spatial dimension, the sequence was repeated with the re:
out gradient oriented at different angles to produce a set
projections of the object.

In this work, we propose a novel single-shot ultrafast MR
sequence, named radial echo-planar imaging (rEPI). rEPI
based on a modification of the EPI sequence to acquire the d:
according to a polar grid. Thiespace trajectories in rEPI are

) similar to those proposed by Ljunggren 7). Like in EPI,
Among the many ultrafast MRI sequences available tod@gp| scans lines irk-space consecutively in opposite direc-

(1, 2), echo-planar imaging (EPIB] is attractive due t0 its tions, However, the orientation of the readout gradient is in
high signal-to-noise ratio (SNR). Among the many applicgyementally rotated so that all the echoes are refocused throu
tions of EPI @), imaging of the heartY, € and of the the center ok-space. Because the data are acquired in a pol
abdomen T), perfusion mapping §-10, and functional qrq FBP algorithms can be used to reconstruct the imag
MRI of the human brainX1-13 have clearly benefited from fq)1owing the proper time reversal of the alternate lines ir
the ultrafast scans at high SNR. Echo-planar techniquggpace. This Communication describes the rEPI sequence
have also been successfully used for spectroscopic imagiigsents the first experimental results obtained with this ne

(16-23. ) _ o ultrafast MRI technique.
EPI samples data according to a Cartesian grik-gpace

(Fourier imaging—FI). The resulting image is therefore

reconstructed by means of a 2D Fourier transform of the
k-space data. Fl trajectories are not necessarily optimal for
all applications. In projection reconstruction imaging, for The most basic pulse sequence for rEPI is shown in Fig. 1/
example, k-space data are acquired radially and recor: 90° RF pulse is used with the slice-selective gradient t
structed by means of a filtered-back-projection (FBP) algexcite the magnetization from the slice of interest. The resul
rithm. The radial sampling df-space in FBP provides bettering transverse magnetization is taken to the extremitk-of

SNR due to the absence of phase-encoding gradi@®s ( space along one of the two orthogonal axes, say, to poi
Radial sampling is highly beneficial for reducing motior{—kx,,., 0). Two orthogonal readout gradients are then af
artifacts due to the intrinsic oversampling of the low spatigllied simultaneously to scatrspace along consecutive diam-

INTRODUCTION

THE rEPI PULSE SEQUENCE
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FIG. 1. The single-shot rEPI pulse sequence diagram for 32 projections. (A) For gradient-echo rEPI, a slice-selective 90° RF pulse excites the magn
into the transverse plane. The readout gradients thenlsspace consecutively according to tkepace trajectories shown in (B). The rise ti®@nd the
acquisition time per echd are indicated in (A).

eters (projections). The magnitude of the resulting readanit one diameter to the beginning of the following diameter

gradient is kept constant, while its orientation is rotated and ig/en by

sign is reversed at the beginning of each rlespace line, so

those consecutive projectionskrspace are scanned in oppos- T-5

ing directions. The angle between any two adjacent projections Geep= Gro- \/2 -[1 — cogm/N,)] ST [3]

is w/Np, whereN,, is the number of projections acquired. At the

end of each projection ik-space, the readout gradients bring

the magnetization to the beginning of the next projectioB,, is the intensity of the resulting readout gradient, given b

according to thek-space trajectories shown in Fig. 1B. TheyG,, = Bandwidth/FOV, andn = 0, 1, 2,...,N, — 1.

analytical expressions for the gradient waveforms are as f@leconstruction of the image can be performed using FB

lows: algorithms or by data regridding to a Cartesiaspace fol-

lowed by 2D Fourier transform (i.e., like in Fourier imaging).
It is possible to devise a few variants of the sequence shov

in Fig. 1. Like in EPI, many different types of magnetization

e during the plateau of the gradients,

G(t) = Grcodn - 7/Ny)-(—1)", preparation periods can be introduced into rEPI. For exampl
nT+o=t<(n+1)-T—5 to_ minimize T% effects on _the im_age, the sequence s_hown i
Fig. 1A can also be modified to include a slice-selective 18C
Gy(t) = Gsin(n - 7/Ny)-(—1)" [1] RF pulse following the excitation RF pulse to produce a spil
echo at the center of the acquisition winddwy.weighting and
e and, in between two consecutive diameter&-space, diffusion weighting can also be easily incorporated into rEPI

Furthermore, when desired, the sequence can be segmer
into Ngeq pieces. For segmentatioN,,/Ng.4 cOnsecutive pro-

Gu{t) = ~Gagsinl(n + 1/2) - w/Ng]-(=1)", jections can be acquired by keeping the original angle betwe:

N+ T-686=t<(n+1)-T+ 6 the projections, repeating the proceds,,times to complete
. the image. Another alternative segmentation scheme consi
Gy(t) = GgeL0d (N + 1/2) -« w/N]-(=1)", (21 in acquiringk-space lines in an interleaved manner by increas

ing the angle between the projections. Data from the resultir
whereN, is the number of points sampled per projectidris segments should then be shuffled prior to reconstruction. Se
the acquisition time per echd (= N,/Bandwidth),5 is the rise  mentation can be beneficial when very high spatial resolutic
time of the gradientsGg., is the intensity of the resulting is desired and wheil? is severely short. As all echoes are
gradient that brings the transverse magnetization from the erdfocused through the center lofspace, a shoft?% can intro-
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duce an uneven weighting in the data that can lead to severe
blurring and distortions in the image. The use of segmentation A
in this case is recommended to decrease the acquisition time|
and avoid signal decay due T6..

RESULTS

Figure 2 shows transversél MR images of a cylindrical
water phantom. The image in Fig. 2A was acquired for refer-
ence purposes using a conventional spin-echo image with a
repetition time TR= 500 ms and reconstructed by means of a @
2D FFT algorithm. As expected, the image shows uniform
intensity and no geometrical distortions. To test our FBP
routine (see details under Experimental), a gradient-echo im-
age of the same slice was acquired using conventional projec-
tion-reconstruction gradients and the same repetition time
TR = 500 ms and reconstructed using FBP. This image is
shown in Fig. 2B. There are no noticeable artifacts in the
object, which agrees very well with the spin-echo image in
shape a..S W?“.as n ‘.‘n'fo.rm mtensn_y d_lstrlbutlon. The back- FIG.3. Comparison of EPI and rEPI for sensitivity to off-resonant effects.
ground in this image is uniform, confirming the correctness %ages (A) and (B) are from a test phantom consisting of a small tube of oliv

our reconstruction algorithm. oil inside a larger tube of tap water. In the EPI image (A), the olive oil appear
The EPI image of the same object is shown in Fig. 2C. This ghosts along the phase-encoding direction. In the rEPI image (B), fat a

image was acquired in 20.48 ms, according to the paramet\ggéer preserve their true spatial location, and artifacts appear in the form

listed under Experimental. A reference scan acquired Withou?'f%{”'”g and radial streaks. Images (C) and (D) are from a phantom consisti
of a tube of lactic acid immersed in a tube of olive oil. The spectromete

phas_,e-encodln_g gradlen_t Was used to mlnlm}ﬂé. ghost_s frequency was set to the water frequency, so that in the EPI image (C) neith
(28) in the EPI image. This image presents very uniform signgk nor lactate appears at their true locations. In the rEPI image (D), wate
intensity, and almost no geometrical distortions, except forlatate, and fat appear at their true spatial locations.

small shortening along the read direction (vertical direction i
Fig. 2C). For the EPI image, the SNR, defined here as the me
signal intensity of an ROI placed over the object divided by th
standard deviation of the same ROI placed outside the obje
(i.e., over the noiseP@), was SNRp, = 139. Figure 2D shows
the corresponding rEPI image, also acquired in 20.48 ms, al
reconstructed with the FBP routine. This image agrees vel
well in geometry with the spin-echo (Fig. 2A) and the gradient
echo (Fig. 2B) images. Signal intensity is also uniform over th
object, although some ringing artifacts can be seen, similar-
those present in the spin-echo and in the EPI images. The SI
in the rEPI image was SNR-, = 123, smaller than SNR,.
This is against theV/12/7 improvement in SNR of FBP
techniques over FI techniques predicted 22)( and possible
reasons for this are presented under Discussion. As it can
clearly seen by comparing the different images in Fig. 2, th
rEPI image (Fig. 2D) demonstrates the feasibility of this nev
ultrafast imaging method.

To test the sensitivity of rEPI to off-resonant effects, image
of a water—fat phantom and of a water—fat—lactate phanto

FIG. 2. Axial images of a tube of water. (A) Spin-echo image. (Blvere acquired. These images are shown in Fig. 3. Figure &
Projection-reconstruction gradient-echo image. This image was reconstructeth\vs the EPI image, and Fig. 3B shows the correspondir

with a FBP algorithm developed in our center. (C) Single-shot EPI imalgeEPI . f hant isti f . tube of oli .
acquired in 20.48 ms. A reference scan was used to minifi2eghosts. (D) ' Image ot a phantom consisting ot an inner tube ot olive o

Single-shot rEPI image, also acquired in 20.48 ms and reconstructed with 88d an outer tube of tap water. In EPI (Fig. 3A), the olive ol
same algorithm used in (B). tube appears out of its true location due to the off-resonanc
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artifacts that greatly affect EPl image80f. These artifacts data. In spectrometers that have asymmetric performance
appear as ghosts along the phase-encoding direction, as shthwenreadout gradients, it is very likely that rEPI will benefit
in Fig. 3A. In the rEPI image (Fig. 3B), the artifacts due to thttom the use of thesk—t trajectory probing techniques. The
off-resonance frequency of fat are much less severe. In thi&P1 image shown in Fig. 2D compares very well in geometn
image, fat and water are represented at their correct locatiand uniformity with the corresponding spin-echo, gradient
The effects of the off-resonant fat signal are to cause blurriegho, and EPI images. However, the SNR of this rEPI imag
of the object, and also streaks that move away from the objezis about 11% smaller than the SNR of the corresponding E
and therefore do not degrade the quality of the image. Similanage. We believe that this is due to eddy currents generated
results can be observed in Fig. 3C and Fig. 3D. Figure 3&ur volume RF coil when playing the readout gradients. Sinc
shows the EPIl image of a phantom consisting of a tube of lacE®| has only one readout gradient direction, it is likely that les
acid immersed inside a tube of olive oil. The spectrometeddy currents are generated with EPI than with rEPI. Thi
frequency was set to the water frequency, so that neither lactateblem can be minimized with a balanced eddy-current con
nor fat is on resonance in that image. In the rEPI image showansation scheme, and with the use of surface RF coils that ¢
in Fig. 3D, water, lactate, and fat appear at their true spatisimune to induced eddy currents.
locations, and the off-resonance artifacts appear in the form ofAs it can be seen from the images in Fig. 3, rEPI is les
image blurring and streaks that move toward outside the objesnsitive to off-resonance effects than EPI. Artifacts in rEF
are seen in the form of blurring and streaks that move awe
DISCUSSION from the object, while in EPI the off resonance gets spread o
along the phase-encoding direction. While both EPI and rEF
The EPI technique allows the generation of MR imagemages shown in Fig. 3 are affected by off-resonance artifact
within times typically less than 100 ms, at very high SNR. Thithe rEPI images are rendered more useful because true spa
very powerful combination of ultrafast scans at high SNRcation is preserved in those images. This most likely occul
makes EPI very attractive for a number of applications both because phase modulations of the projections due to chemi
clinical and in research MRI. Because of this, EPI is becomirghift are minimized when magnitude calculations are pel
more and more an indispensable tool. It is well known, hoviermed prior to FBP (see Experimental). The FBP algorithn
ever, that EPI suffers from a number of image artifacts thased here does not use phase information to reconstruct t
degrade image quality and limits its range of applicati@®.( object. This is opposed to EPI where phases induced by tl
Besides being very demanding on hardware and in particutgadients and by chemical shift cannot be separated in a sin
on gradient technology, EPI is very sensitive to off-resonansot G0).
effects, especially those caused by susceptibility differencesA point which is worthwhile mentioning in this paper and
and by field inhomogeneities. The purpose of this work is twwhich will be the object of further studies is that, in rEPI, the
investigate an alternative ultrafast MRI technique that prenagnetization is always refocused through the centek-of
serves the powerful speed—SNR combination of EPI whigpace, which is therefore samplNg times, at timeg = T/2,
improving on image quality. 3T/2, 5T/2, ..., N,T/2, when an odd number of points
The particular choice df-space trajectories for a given MRlalong the read direction is acquired. Therefore, for the rEF
method determines the efficiency with which the image infosequence, the transverse magnetization acquired at the ori
mation at each spatial frequency is acquir8d)( From this of k-space is modulated by chemical-shift dephasing only
point of view radial sampling df-space is very attractivp). ~Taking the Fourier transform of the, centralk-space points
The rEPI sequence proposed here attempts to combine sheuld yield the chemical-shift spectrum of the sample with
advantages of projection-reconstruction imaging with ultrafasandwidth of 1T. We are currently working to determine how
scanning ofk-space. The pulse sequence diagram shown useful this information will be in using rEPI for spectroscopic
Fig. 1 shows the readout gradient waveforms for 32 projeitnaging.
tions. It is easy to realize the importance of b&@&h and G,
gradients having very similar performances in terms of rise CONCLUSIONS
time, stability, and eddy-current compensation to produce the
intendedk-space trajectories shown in Fig. 1B. Any asymme- The results presented here prove that it is possible to cor
try in gradient performance will prevent the projections frorbine the speed and SNR of EPI with the advantages of radi
all crossing at the center &fspace, and will therefore intro- sampling, namely the oversampling of low spatial frequencie
duce blurring and artifacts in the rEPI image. The exXact This approach has been used before in spiral imad@Bg &and
space trajectories produced by the gradient waveforms canitowill certainly be very interesting to compare spiral imaging
accurately measured usigt trajectory probing techniqueswith rEPI in future work. Radial echo-planar images were
(32). Measurement of the actulalspace trajectories allows foracquired in 20.48 ms with a SNR comparable to that of th
the assessment of any deviations from the intended trajectorasresponding EPI images. rEPI also proved to be less sen
and enables the proper regridding and reconstruction of tiee to off-resonance effects by preserving the correct spati
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