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The effect of coherent rotational motion on images acquired
with the ultrafast single-shot spin-echo Burst sequence has been
analyzed. Previous experience has demonstrated that sample ro-
tation during Burst experiments has the potential to cause severe
image artifacts. In this paper we show that no distortions are
visible when the readout gradient is parallel to the rotation axis,
but that there is a very distinctive behavior for the case of the
rotation axis orthogonal to the imaging plane. The mathematical
expression that describes the resulting signal is presented and is
used as a basis for a method of correcting the k-space data. The
conditions under which undistorted images may be recovered are
discussed. It is shown that there is an asymmetry, dependent on
the rotation direction, in both the manifestation of the artifact and
the range of angular velocities over which one can correct the
images. Data from an agar gel phantom rotating at a known rate
are used to show how the theory is successful at reconstructing
images, with no free parameters. The range of angular velocities
over which correction is possible depends on the timing parame-
ters of the pulse sequence, but for these data was —0.016 < @ <
0.1 revolutions/s. Volunteer experiments have confirmed that the
theory is applicable to patient motion and can correct motional
distortion even when the exact rate is not known a priori. By
optimizing the reconstruction to restore a known sample geome-
try/aspect ratio, an estimate of the rotation angular frequency is
obtained with a precision of £10%. © 2000 Academic Press

1. INTRODUCTION

The use of ultrafast techniques, such as E3}] HASTE
(6), snapshot-FLASHY), GRASE @), and spiral scan9),
characterized by total acquisition times of less than a se
ond, can be a satisfactory solution to the problem of motic
artifacts.

Burst (L0-13 is an alternative ultrafast single-shot tech:
nique that has a number of specific advantages over t
other previously mentioned sequences. These include: (i)
inherent insensitivity to magnetic susceptibility difference
across the sample; (ii) low RF power deposition; (iii) low
acoustic noise; (iv) less stringent system requirements (e.
gradient rise times); (v) in-built diffusion contrast. Although
Burst has a number of disadvantages, too, such as a re
tively poor resolution and signal-to-noise ratio (SNR), it ha
considerable potential in certain niche areas, such as sing
shot multislice imaging in regions where EPI can prov
problematic due to susceptibility artifacts (for example, i
the abdomen).

The inherent sensitivity of Burst methods to molecular dif
fusion (L4, 15 led us to investigate how robust Burst is in the
presence of macroscopic motion of the sample. This pap
introduces a general formalism to explain the image artifac
induced by the sample rotation during Burst experiments al
their possible correction, while further work (in progress) i
looking at coherent translational motion and flow. The follow
ing issues will be addressed here:

From the early days of NMR it has been clear that the NMR o _ _
signal is sensitive to both random molecular motion of the ® derivation of the general expression for the phase acquir

nuclear spins and coherent macroscopic motibh (n the

by the spins in a sample rotating in the presence of a magne

context of MRI, coherent motion can lead to image artifacfigld gradient;
that seriously impair the diagnostic utility or quantitative ac- e description of the spin echo Burst sequence with an e

curacy of the data obtained)( In vivo applications of MRI are

planation of why the distortions in Burst images are differer

particularly susceptible to this kind of distortion because of tHeom those in images obtained with other sequences;
natural respiratory and cardiac rhythms, pulsatile flow of blood e application of the general expression for the phase to tl
and cerebrospinal fluid, and involuntary motion of the subjectpecial cases of a Burst experiment with the rotation ax

There is a large body of work that examines the effects
motion on the various different MRI sequences (e.8, 4).
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perpendicular and parallel to the readout direction in the pla
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e explanation of the method used to correct the data;
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e discussion of the significance of the results obtained.
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2. THEORY Hence, comparing with [2] and [4],
2.1. General Remarks
t
It is well known that spins precessing in the presence of a Kot = v j G(t') X 6(t’) dt’, [5]
magnetic field gradientG(t), accumulate a phase(t), asso- o

ciated with their position in the laboratory frame of reference,

R(t), according to the integral
and we are led to an expression for the NMR signal in th

presence of rotatiorS,q(k),
o) = — VJ G(t') - R(t") dt". (1]
i Sa(k) = f pr(R)e ™ kHked T 3R, (6]

Suppose that the sample rotates as a rigid body with an
angular velocityw(t). The spin’s positiorR(t) in the labora-
tory frame of reference can be written (to a good approximahere pg(R) is the spin density function in the laboratory
tion for wt < 0.5 rad) in terms of its fixed positionin the frame and the integral is performed over the whole sample.
body frame of reference that rotates with the sample: In the hypothesis of small angular displacements, one c
assume that the spin density function does not change mt
passing from the laboratory to the body frame, thugR) ~

! , , p.(r). Since the element volume is the same in the two fram¢
R(t) =1+ w(t’) X dt". [21  of reference, i.e.dR = d°r, Eq. [6] becomes
0
Substituting this expression into Eq. [1] yields Se(k) = J pi(r)e ket g3p [7]
t
o) = — v J G(t') - rdt If S(k) is the signal in the absence of rotation, then
0

—y ft G(t')- ft [o(t) X r]dtdt, [3] Sk) = S(k + Ko)- [8]

Thus, the effect of a small sample rotation in the presence
a gradient,G(t), is to shift thek-space signalS(k), corre-

i.e., the phase accumulated by the spin can be split into t4@onding to the ideal situation of a static sample, by the amot
components, one of which depends on the position of the spifx  (16).

in the sample, while the other is an extra term introduced by the
rotation. We may then employ the stand&dpace notation

with a new termk o, 2.2. The Burst Sequence

Figure 1 shows the Burst sequence diagram, while Table
explains the meaning of the variables used. In the followin
development, we choose the spin-echo Burst sequence (¢
known as DUFIS12)), but with straightforward modifications;
Herek = vy [ G(t')dt’, as expected, whil&,, is found as other Burst sequences may be analyzed. (In practice, our i
suggested by Anderson and Gorkg)( and reported in the ages have been acquired with the OUFIS phase modulati
following part of this section. scheme 13), which increases the signal-to-noise ratio of the

For suitably short times and/or small rotation angular velognages, but this has no implications for the analysis presente
ities, we can replacg; [w(t”) X r]dt” with (t") X r, where The main characteristic of the Burst sequence is the parti
0(t'") = [§ w(t")dt” behaves approximately like a vectorular type of excitation: a train ofi very short RF pulses is
Thus, the second term of [2] contains the vector triple produapplied during a continuous gradient, along the read directic
G(t') - [6(t") X r], which can be rearranged a&(t’) X to frequency encode the magnetization. A 180° slice-selecti
ot - r. pulse, followed by a readout gradient of the same amplituc

(1) = do(t) + Pralt) = — (K + Ko * 1. (4]
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FIG. 1. Spin-echo Burst sequence. Eaelpulse of the Burst excitation pulse train creates a transverse magnetization that sees an excitation/readout g
pair of a different length from the transverse magnetization created by the other pulses. The transverse magnetization created by the pubseshathgent
j experiences a read gradient frakto B and fromC to D. The pulses can be considered independently one from the other if the linear approximation h

and duration as in the excitation period, refocuses a tram ofach echo correspond to a differérspace line. A refocusing
spin echoes, one from each pulse. The phase encoding gradigne determines the position of the centkedpace line in the
is applied during the excitation too, and it is arranged to malkeho train.

In the hypothesis of independent pulses (linear approxim
tion), it is possible to assume that the transverse magnetizat
created by each pulse experiences a read gradient of the s

TABLE 1 amplitude, but different length from that experienced by th
Variables of SE Burst Used for Calculating the Position/Phase plitude, but dirierer 9 d by th ﬁ(p ! | Thy )
Shift of the k-Space Lines When in the Presence of Motion f[ransverse magnetization create _yt e ot _er pu Se.s. _e St
is true for the phase encode gradient. As is explained in tl
Variable Description following sections, this difference in the gradient length is th
- source of a varying phase shift for the different line&-apace
Y Gyromagnetic ratio data when sample motion occurs during data acquisition. Sin
n No. of pulses (equal to the No. of echoes) only Burst-type sequences implement this gradient scheme,
i EchoNo.{=0,....n—-1) ~ motion artifacts that we analyze here are characteristic of the
Ng No. of sampling points per echo (i.e., No. of pixels in themethods
read direction) :
t Time variable
T Distance center-to-center between two successive 2.3. Rotation Axis Perpendicular to the Readout Direction
pulses (echoes) _ in the Plane of Imaging
AT Delay between the excitation and the readout gradients
Tret Length of the phase encode gradient lobe that determines \ye shall consider first the case of a rotation whose axis
the echo number for whick, = 0 dicul he i . | iah h
A Start of the excitation/PE gradient as seen by the pulse pgrpen !Cu ar t? the 'mag'”g p ane: As one m'Q t e_xpect, _t
corresponding to echp will entail considerable distortion since the object is movin
B End of the excitation/PE gradient along the large read gradient. Let us indicate \ditthe axis of
g ?a“ of t][‘e rﬁ?‘d‘?Ut gradient o o rotation, whileX andY are two orthogonal “in-plane” direc-
enter of echg (., spin rephasing = 0) tions. 0, is, thus, the only component of the rotation angle
Gr Magpnitude of the read gradient ' which is different from zero. Let us assume also that th
gs magn!iuge 0; :Ee ?“Ctel Ss'ec?‘:s grar‘]d'em to aradi trotation has angular frequenay, constant over the time of the
PE agnitude o e Tirst lobe O € phase encode gradien . _ P
G Magnitude of the refocusing lobe of the phase encode expe.n.ment and .that the v_alt@@ = w'F SatISfI.eS the s_mall_ angle
gradient condition described earlier. In this particular situation, th
. componentK . x, Krowy, Koz Of Ko, deduced from Eq. [5], are
® Rotation angular frequency ’ ' '

reduced to
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TABLE 2

t
Kotx = +7v J Gy(t") wt’dt’ Parameters for SE-Burst Used to Perform
' o the Rotation Experiments
¢ Variable Phantom Volunteer
krot,Y: _'yf Gx(t,)wt,dt’. n 64 64
0 ng 64 64
Kotz =0 [9] Field-of-view 120 mm 300 mm
Slice thickness 4 mm 10 mm
In order to apply Eq. [8], we writ&, = G (amplitude of Bandwidth 100 kHz 100 kHz
the excitation and re_adout gradients) &d= Gpe (amplitude . 640 s 640us
of the phase encoding gradient). AT 17.36 ms 11.56 ms
In Fig. 1, the period&\B andCD represent, respectively, the Acquisition period 41ms 41ms
dephasing and rephasing gradient lobes for ¢cAcandB are Trer 2.5ms 2ms

also the starting and ending points of the first lobe of the PE

gradient, as seen by the transverse magnetization that creates

echoj. T.; andG,; are the length and amplitude of the phasg,years in the expression By C, andD because we consider
encode lobe, applied immediately after excitation, that refQmes to the center of thigh echo.

cuses spins such thiat = 0 for the middle echo. The presence gjjce B, C, andD depend onj, thenk,,x and k,,y are

of the 180° refocusing pulse, midway between excitation afghctions of the echo number, too. This means that the line
acquisition, inverts the phase of the spins and can be incorfkgs'pace corresponding to each acquired echo is shifted by

rated as a change in the sign of the initial gradients. different amount, both alonky andk,. We can calculat&,qx
pnder these assumptions, the formulae for the shifts Ca”&?dkmt,y for thejth line in k-space by evaluating the formulae
written as in [9] and [10] with the integration limits as defined in [11].
The shifts are both polynomial functions of the second order

B B+ Trer the echo index:
krot,X = - f GPE(t)(lJt dt + Y J‘ Gref(t)wt dt
A

B . .
krot,x:ax12+ byj + Cx

B D
Koty = +7y f Grt)wt dt — vy f Gg(t) wt dt. [10] Koty = @y j2+ byj + cy, [12]
A c

with the constantsay, by, cx and ay, by, ¢y containing
If n is the total number of excitation pulsesjs the sepa- jnformation about the gradient amplitudes and their duratic
ration center-to-center between two successive pulsef\@nd (via the pulse separatior). For detailed expressions see Ap-
is the time between the end of the excitation and the beginnipgndix A. Evaluating the expressions fag.x andk,qy, using
of the acquisition gradients, allowing slice selection to occYsarameters typical of Burst experiments (see Table 2) and t
thenA, B, C, andD have the following expressions for th#  maximum rotation frequency in our phantom study (see Se
echo: tion 3), it turns out thak,,y, which depends oG, is com
parable to or even bigger than the separatihn between
A=0 k-space lines in absence of rotation, whilg  is negligible,
being four orders of magnitude smaller thag,. This under
1 lines the predominant role of the excitation/readout gradient
<J + )7 determining the observed distortions.

1 . .
C=B+ AT = (j + 2) T+ AT 2.4. Burst k-Space Data in the Presence of Rotation

1 From the previous sections, we have seen that the sigt
D=C+B= 2(] + )7 + AT, [11] observed in a Burst experiment with a rotating sample is
2 shifted version of the correct signal, according to Eq. [8], an
we have shown how to calculate what thespace shift is.
Note that the transverse magnetization contributing to eck@ure 2 shows a representation of the shift along the pha
j is created at poinf and sot = 0 here by definition. Thé encoding directionk,, which is the more significant.
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FIG. 2. (a) The functioné(j, ) vs the echo numbgr The continuous line corresponds to the case af 0, while the dotted lines reflect what happens
whenw = —0.08,—0.07, .. .,0.08 rps. For large negative valueswbnly the negative half df-space is sampled, while far > 0 thek-space lines are spread
into the high positive frequencies. (b) Thespace profile along, atky = O is plotted and compared for four different values of the rotation frequancy:
we, o = —0.01 1ps . < w < 0), » = 0, andw = 0.01 rps {p > 0). Thek-space points are evenly and symmetrically sampled vénen 0. The presence
of rotation with axis orthogonal to the readout direction of the image plane causes either oversampling df-gpeas ¢ < 0) or undersampling of the center
of k-space with the data stretching further out, to cover higher positive frequercies().

We define a functioné(j, w), guency, w, as shown in Fig. 2. The continuous thick line
represents the case af = 0, which means that the function
E(j, @) = —[ky(j) + Kier(D)], [13] &(j, O) coincides with—Kky(j). The dotted lines represeéfj,
w) for different rotation angular frequencies, fram= —0.08
wherek,(j) is given by revolutions per second (rps) to = 0.08 rps. Forw > 0, the
faster the rotation is, the mo |, w) extends in the positive
B Bt Ter part ofk-space, while for negative frequencies the coverage
ky(j) = —vy f Gpet) dt + y f G((t) dt the positivek-space is increasingly reduced until the signal i
0 sampled only for negative values lofspace. We indicate with
w. a critical negative frequency, corresponding to samplin
= JAky + Ky, [14]  one half ofk-space plus at leasof the lines of the other half,
which is an oft-used minimum condition for “half-Fourier”
andky, depends on the details of the phase encode blip, beifgage reconstructionl). Appendix B derives an expression
used to position the central echokrspace, whileAky repre  for w, and it is seen that this limiting value is dependent on th
sents the step alonigy, in absence of rotations( = 0). [The number ofk-space lines acquired, and the sequence timing
negative sign in Eq. [14] is purely for presentational purposgsarameters, but not on the absolute value of the read gradie
Because of the effect of the 180° pulse, &tgpace linesfillup  The effect of rotation is to cause thespace lines to be
from top to bottom (i.e., from positivé, to negative) with eijther spread increasingly or compressed together. This
increasing echo numbgr We feel that it is more intuitive, jllustrated in Fig. 2b, where we have compared four differer
however, to visualize the experiment as running from negativgses. The signal, obtained from simulated data, is plott
to positive values, so that in Flg 2 we can “read through” t%ainstg(j, w), assuming the read gradient to be orthogona| 1
experiment from left to right. We now refer to positive andhe rotation axis.
negative halves ok-space according to this new convention.] |n each case, the continuous line shows khspace data
Using Egs. [11] and [14] the functiof(j, ) can be written alongk, atk, = 0, for the ideal case of continuous symmetric
as sampling. The peak of the echo corresponds to the center
k-space. The discrete sampling points, represented by the fu
&(j, o) = —[ayj?+ (by + Aky)j + (cy + ky)] [15] tion &(j, w), have been overplotted and compared dor 0
(the sampling points are uniformly distributed around the pe
and thus depends on the echo numfjerand rotation fre- of the echo);w > 0 (the sampling points are increasingly

B
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separated, resulting in an undersampling of the center of thas adhered to (for a total imaging time of 100 mss®, =
echo and a coverage &f, which extends to the high positive0.05 rad).
frequencies)w, < o < 0 (there are only a few positivie, Figure 3 shows the reference images< 0) and three other
points because the data are sampled increasingly closer to éawmes acquired during the sample rotatian= 0.02, 0.04,
other, with more points than necessary at the center of the echingd 0.08 revolutions/s) for both orientations. As expected fro
but failing to sample some of the higher positive frequencieshie theory, no distortion is evident in the coronal image:
o < w, < 0 (the points are squashed together in the negatigenfirming that, for smallp, the phase encoding and slice-
part of ky, missing completely the center and positive half odelective gradients have negligible effects on the resultir
k-space). rotation artifacts. The transverse images, however, do demc
strate rotation-induced artifacts, and these become increasin
2.5. Rotation Axis Parallel to the Readout Direction in the evident as the rotation angular frequency increases.
Plane of Imaging The knowledge of the functio&(j, ») allows us to correct
) ] ) the artifacts in all of the cases studied here. Image analysis v
When the _readout grad|ent is parallel to the rotatlo_n aXiSarried out with IDL (Research Systems Inc., Boulder, CO
Gx = G, (slice-selection gradient) anGy = Gee OF VIC€  Eqr oach experimental case, the functidifs, ) and ky(j)
versa.By evaluating the expressions flogx andke,y In EQ.  \ere evaluated using the appropriate values for the gradie
[8], we see that the effect of rotation is negligible in this casgmplitudes and duration, the number of Burst pulses impl
Kotx 1S @ polynomial function of the echo numbgras mented, and the image orientation. The angular frequency
previously discussed, but for typical Burst parameters it is fo%(j’ ) was passed by the user as a parameter either to be fi

orders of magnitude smaller than the regulaspace grid (4 5 known value or to be estimated (as in the volunteer stuc
interval, Ak, that we would have in absence of rotati&p,, is discussed later).

the_ result of the integrafs G; w t' dt’ and so is a constant The correction procedure was as follows:

which does not depend on the echo number. The whole of

k-space is shifted alorkg, by the same amount, which depends ® The input data were placed in a mat8y, such thas,(i,

on the amplitude and length of the slice-selection gradient. Horcorresponded to the signal acquireckatpace pointKx(i),
the minimum slice thickness we used and a typical gradieffti, ®))-

length, k.o.v is three orders of magnitude smaller th&k. e Data were taken from each column in turn and process

Other cases, in which the rotation axis is neither parallel nggparately. Thus, we had a functisn sampled at the points
perpendicular to the imaging plane, can be investigated usiéld, ). This function was interpolated to find its values at the
the same methodology. However, they will not be discuss@@ints ky(j). Note that, forw > 0, this involved “throwing
further in this paper. away” the data foré(j, ) > Kynae FOr @ < 0, the high
positive spatial frequencies were not acquired and it was ne
essary to zero-fill the output array.

e The interpolated data were then inserted into an outp
The theory was tested by running the SE Burst sequen?g,ayS".“t(i’ 1), which was then Fourier transformed as norme
optimized using Zha and Lowe’s phase modulation schem%Obtaln the corrected image.
OUFIS (3), on a SMIS 2.0-T small bore scanner. SMIS In the Discussion below, we comment in more detail on th
(Guildford, England) provided a device to rotate a phantoperformance of this method.
along the axis of the magnet, indicated Asusing a motor  For the phantom study, the measured values wfere used
controlled by a frequency generator. A plastic cylinder of 5 caind so no free parameters were needed during the data
diameter was filled with a gelatin type A, from porcine skitessing. Figure 3 shows both the original and the process
(approximately 300 bloom). A small plastic cylinder was inimages displayed one above the other. It can readily be se
serted into the gel to create a pattern in the image. Two setsiwdt the gross geometric distortion of the images has been w
experiments were carried out, with the parameters as in Tablgrected and that in the case of the= 0.08 rps images there
2. The only difference was in the image orientation: in one casee other artifacts (particularly at the top and bottom rims) th:
coronal slices were acquired, while in the other we samplégdve been successfully removed. Notice how the varying p
transverse slices. sition of the circular black marker through the sequence

Coronal orientation is obtained with the excitation/readoithages shows that we are indeed seeing the sample at differ
gradient alongZ, therefore parallel to the rotation axis, whilepoints on the cycle as it moves around.
the phase encoding and slice-selection gradients are both or-
thogonal to the rotation axis. Transverse views are obtained 4, VOLUNTEER STUDY: METHOD AND RESULTS
with the excitation/readout gradient orthogonal to the rotation
axis. In both cases, successive images were obtained at diffein the previous section we have shown that knowing th
ent values ofv, such that the small angle limit discussed earligunction &(j, w) allows the recovery of undistorted images

3. PHANTOM STUDY: METHOD AND RESULTS
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Reference Image
o =0rps o =0.02 rps o = 0.04 rps o = 0.08 rps

Original
Transverse
Images
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Transverse
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Original
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<< <l

FIG. 3. SE Burst images of a gelatine phantom, acquired on a 2.0-T small-bore horizontal SMIS system. Transverse (top) and coronal (bottom) v
shown for different rotation frequencies: = 0, 0.02, 0.04, 0.08 rps. For the coronal images the read gradient was parallel to the rotation axes and w
contributing tok,.x andk.,y. Since the phase encoding has a small amplitude and the slice-select gradient is short, their contributions to the distort
negligible. As expected, none of the images shows artifacts compared with the reference sea@).( For the transverse slice, the read gradient wa
perpendicular to the rotation axis and the images show artifacts increasing with the rotation frequency. Below each transverse distorted iraatigples éch
the corresponding corrected one, obtained by Fourier transforming the data after reinterpolating it as described in the text. The only diffemncedres
is the position of the plastic tube in the gel which was inserted in the sample at an angle. Because the experiments were not triggered, the shatsdver
at different points of the rotation cycle.

when the rotation frequency is known. The question arises ofAs expected the sagittal images (data not shown) demc
how to correct the data when performiilgvivo experiments strated no distortion, but the rotation was evident from
where involuntary subject motion occurs. [In practice, suathanged position of the head in the images. Figure 4 shows 1
motions may not be the pure rotations to which we restriogsults from the transverse scans. Three images are display
ourselves in this section; we treat other cases in the Discusstammresponding to the three differektspace sampling situa-
below.] tions of Fig. 2, together with a reference image € 0), in

A volunteer experiment was performed in which head inwhich the volunteer remained stationary in the scanner. /
ages were acquired using a spin-echo Burst sequence obetore, the images were corrected, but in this case, the tr
1.5-T Siemens Vision whole-body system. The volunteer coangular velocity of rotation was unknown and estimates we!
trolled approximately the rotation speed and direction, beinged. The functioré(j, w) was evaluated for a variety of
asked to turn his head either to the right or to the left and eitheallues ofw and a trial reconstruction performed for each. Wi
slowly or rapidly. Both sagittal (rotation axis in the plane of theelected the rotation frequency that best reproduced the asy
image) and transverse (rotation axis perpendicular to the inatio of the reference scan. The processed images are shc
aging plane) images were acquired. below the distorted images. It is evident that in two of the thre
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Reference Image
® = 0rps ® = 0.01 rps ® =-0.01 rps ® = -0.022 rps

Original
Images

Corrected
Images

FIG. 4. Images of the human brain in the presence of rotation at 1.5 T. Original and corresponding corrected images are displayed one above the c
reference scan correspondsdo= 0 rps. Fore > 0, there is a complicated stretching artifact, but it is possible to recover the correct image w\4en =
0 (see main text and Appendix B), there is a complicated compressional artifact, which is also correctable. #/hegnthe low spatial frequencies are not
acquired and the correction in this case is not possible.

cases, a successful correction is achieved, but in the case whised to remap the nonuniformly spaced lines ontespace
o < w,, it has not proved possible to correct the data. In thgrid suitable for use with a fast Fourier transfoimyivo data,
latter case, we see edge enhancements reminiscent of im&gewhich the rotation rate was unknown, were processed usil
that have been high-pass filtered and the origins of this effegjuesssalue forw. The accurate knowledge of the anatomica

are described further below. details and dimensions was thus important for the outcome
the correction. The optimum rotation frequency was estimat
5. DISCUSSION to a precision of 10%, this figure being obtained by considerir

the rate of change in the corrected image dimensions as the t

qurlntgj crc])nver;]tlonatlh expclanments, SUCh. as spmtegr}o an, I}ie ofw was changed. However, with no independent meat
gradient echo, Where ne pulse sequence 1S repeated for € easuring the angular velocity, we are unable to comme
PE step, with the read and slice-selective gradients the same a e
I . . .~ on theaccuracyof the method. A modification of the Burst
each repetition, all lines of thespace are affected in a similar . . .
. waspauence to include a navigator echoes may be a feasi
way by a constant motion of the sample. By contrast, fasmethod of “building into” the sequence a wav of deduci
sequences that acquire all the linesispace in a single shot g q y cing

will suffer from a different phase shift for eaghspace line. In When the sample is rot_atlng with a positive ar_‘?’“'ar fre
the case of EPI, this phase shift is, in fact, relatively smaffuéncy. the data are acquired further into the positive half
because the gradients oscillate rapidly and the phase accufigP@ce. The separation between adjadespace lines in-
lations tend to cancel out. This leads to a low sensitivity ff€ases accordingly and this leads to the apparent decreas
motion. In the case of Burst, however, the excitation and reftf field-of-view (FOV) in the phase encoding direction, i.e.
gradients have a constant sign, leading to rapidly increasiﬂi@ vertical stretching in the uncorrected images of Figs. 3 al
rotation-induced phase shifts. This is the origin of the chara@- This is not a simple stretching distortion, however, since tf
teristic distortion observed. Another low flip angle fast imagingaP between adjacekt, lines is not constant.
technique, RUFIS 8, 19, overcomes this problem by sam- The purpose of the current paper is to demonstrate a
pling an FID immediately after each excitation, leaving littléinderstand the distortion, rather than to develop an optim
time for the phase accumulation, and thus exhibits mué€Rrrection method. Our current correction is rather crude al
smaller rotation artifacts than Burst. simply interpolates the data to the expected grid. There are t
The phantom data confirm that it is possible to recover Bunmstain consequences. Far > 0, the extrak-space lines are
images satisfactorily by employing the theory that we hawbrown away and the corrected image is undersampled. The
developed. Ara priori known rotation angular frequency wasis little that can be done for the loss &fspace sampling
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resolution at the central spatial frequencies, but the additioradperiments with a very long read gradient, an echo dampil
positive k-space lines provide a potential means of increasirigctor is introduced, which is related to the velocity dispersior
the image resolution by using an adaptive parkiegpace
technique.

In the case of negative angular frequency, the data are more
clustered together, with the opposite effect of shrinking the
image along the phase encoding direction. The distortion is addurst is an ultrafast single-shot imaging technique that ce
if a larger FOV, corresponding to a smallesspace step, had be seriously affected by motion artifacts, because of the lar
been chosen. However, again, the asymmetry of the samplliggd gradients applied over a relatively long time. The tran
in k-space means that we have more then a simple squashiny&fe€ magnetization created by each pulse evolves under
the image. The negative portion and the Centek_epace are excitation/read gradient pair of a different Iength. When th
oversampled, but some of the positive higher spatial freque§ad gradient is orthogonal to the rotation axis, the resultir
cies are missing altogether. Half-Fourier algorithms afespace is mapped to an irregular grid aldag The artifacts
strongly suggested to compensate for the asymmktsigace are a result of naively Fourier transforming data as if it ha
sampling. The necessary data are lost completely<f ., so Peen acquired correctly. As long as the acquired data cove
that the image is high-pass filtered. Notice that, where less afficient portion ofk-space, the data can be corrected.
less genuinek-space information is incorporated in the cor- We have presented a simple model that allows images to
rected image, there will be a decrease in SNR. This will ggconstructed even in the presence of moderate rotation. \
particularly dramatic when we no longer sample the center b@ve specified the limiting angular velocity beyond which dat
k-space. recovery becomes impossible. The method has been showr

In this paper we have tackled the problem of rotation duringork well when the rotation speed is a constant knoavn
Burst. Sample translation during acquisition will also affect theriori, and, as long as the sample aspect ratio is known, tl
data and cause characteristic artifacts. The experimental vEfIrection succeeds evendfis a parameter to be determined
fication of the effect of translation during Burst experiments is The rotation problem does not diminish the suitability o
currently underway40). Preliminary results are showing thatUsing Burst for fast effective scanning in the majority of case
again, as expected, artifacts are significant only for the cofgurst retains all the advantages of a single-shot technique o
ponent of the translation along the read gradient. The data §f@ventional multishot experiments. An appropriate selectic
modified by a nonuniform phase shift, related to the ecH the read gradient direction, coupled with suitable triggering
numberj, and the amplitude and duration of the read gradierf@n reduce many of the effects of the motion, while processir
It is likely that correction using techniques like those abowésing a scheme such as that described here can correct n
will be possible for a general rigid body motion composed desidual motion.
simultaneous translation and rotation. However, a limitation of
the method may be our imperfect knowledge of the nature of
the motion: withouta priori information on the translational
and angular velocities, corrections using the method above )
would become a matter of repeated trials, with results being Evaluation of Kyx and Kry
evaluated on the basis of similarity to known/expected featuresIn this Appendix we derive the formulae describing the

of the image. effect of rotation during Burst experiments. For simplicity, the

Two other situations are worthy of mention: nonrigid body ., jient ramps have been ignored for the calculations of t
motion and flow. The situation of nonrigid body motion igyeqrals, but it would be straightforward to include them.
particularly complicated, with movement of the spins not de- \ye first recall some basic formulae relevant to Burst ima

scribable by simple models. We suggest that image correctign he read (and excitation) gradients are related to the ima
is likely to prove extremely difficult and probably not worth th‘?esolutionAX by

effort. This would preclude the use of Burst in, for example,

cine-cardiac imaging. (We have been able to obtain satisfac-

tory single-shot Burst images within certain phases of the 2

cardiac cycle, but at other points, the complexity and speed of Gr= v AX At [A.1]
the motion, of the order of 100-fold higher than the values

studied here, make the data unrecoverable.) The case of flow-

ing spins has also been investigat&D)( Here, there is a whereAt is the sampling interval. For isotropic image resolu
distribution in velocities, rather than a simple bulk translatiotion from a Burst sequence with echoes, each of which
of the spins. In standard spin-echo, phase-contrast, velogtgntainsng points, and fullk-space coverage (i.e., the same
imaging, the velocity encoding period is short enough for theseimber of positive and negative lines), the following relation
velocity differences to have minimal effects. However, in Burgtold:

6. CONCLUSION

APPENDIX A
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Gk APPENDIX B
Gpe= — [A.2]

Evaluation of w,

G (n 1) - The condition that at leagtof our lines are in the positive
G — } Goln— } T : A3] half of k-space, necessary if we are to reconstruct our da
ref 2 TFE 2) Tt  2NgT. ' using partial Fourier techniques, translates into the expressi

n
Our starting expressions for calculating the motion terms are €N, ) = g [Aky. [B.1]
those fork,, taken from Eg. [9] with values foA, B, C, and

D substituted in from [11]. The limiting negative value for which this is true s, where

n yGgr
g(nv wc) - g' nR

(j+1/2)7 , [B.2]
I(rot,X =Y GPE(t) wt dt
0

and we have substituted fark, = yGper using [A.2]. Using

(41127 Trer Expressions [13], [14], and [A.2], we obtain
-y Gl) o t dt
(j+1/2)7 ) 1 n yGgr
YGrwT | TN+ (AT + 7)n+ - (7 + 2AT) | + 5
(j+12)r 4 2 ng
krot,Y =Y f GR(t) ot dt B n ‘YGRT 53
0 8 ng [B.3]
2(j+1/2)7+At
+ v f Gg(t) o t dt. [A.4] where the last term on the LHS [isAky + ky,| for an image
(j+1/2)r+At with the phase-encode blip set to center the acquired data
ky = O.
. ) ) _ Rearranging leads to
After expanding the integrals, collecting together terms with
different powers of, and finally substituting foG.: and G —3n
in terms of Gg, we obtain the following expressions for the W, = [B.4]
. ) 1
coefficientsay, by, cx, ay, by, andcy of Eq. [11]: gnR[ ™2+ (AT + 7)n + i (1 + 2AT)
YGroy T2 For images with the parameters shown in Table 2, we obtai
ay= — N [A.5a]
A w(phantom)= —0.016revolutions/s*
vGroT?2
by = an, (2n—-3) [A.5b] w.(headscan= —0.018 revolutions/s*
_ YGroT to 2 s.f. Notice that these values are dependent only on t

Cx [2(n—1)7+ (2n— 1) Tl [A.5C]

sequence timings and, perhaps surprisingly, not on the ima

resolution viaGg. Notice also that, forw > 0, the locus of

ay = —yGro1? [A.5a] points obtained always passes through the central region

k-space (see Fig. 2). This means that it is possible to recc

struct images for much larger absolute values of angular v
locity than|w | when the rotation is in the positive sense. Thi

YGroT . .

Cy=—"" (1 + 2A7). [A5c] s evidenced by the phantqm resullts,_v.vhere we can rec_onstr

images foro = 0.08 rps without significant loss of quality.

8ng

by = —yGro7(7 + AT) [A.5b']

Notice that all theY coefficients are negative, but for presen- ACKNOWLEDGMENTS
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