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The efficiency of gradient design in MRI is limited by the simple
fact that the gradient coil current and slew rate cannot exceed
hardware threshold values. In spiral MRI, which requires gradi-
ents to be very rapidly switched between positive and negative
values, minimization of the acquisition time is achieved by main-
taining the current and slew rate as high as possible during the
entire measurement. Since the current and slew rate compete
against each other, an efficient gradient design consists of two
parts in which current and slew rate are pushed alternatively to
their limits. Values for these types of gradients can be obtained by
solving numerically the equation of motion for the spiral trajec-
tory. This paper shows that simple but reasonable mathematical
approximations deliver reliable analytical solutions. Images ob-
tained using these analytical solutions do not show evident distor-
tions when compared with images obtained with numerical
solutions.  © 1999 Academic Press
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necessary in the “raw after raw” acquisitions such as EPI. C
the other hand, spiral MRI suffers from image blurring, cause
by phase accrual related to off-resonance spins. If we define t
vectork in k space as

k, = |k|cos@
k, = |k|sin 6

[1a]
[1b]

with 6 = (27n/T) f(t), then the tip ofk traces an Archime-
dean spiral ifk(t)| = A6, whereA = 1/(2#FQV) is constant.
Sincek = (y/2m) [ g(t')dt’, whereg(t') is the gradient
vector, then optimal gradient waveforms can be determined |
solving the equations of motion d&f. Exact solutions of the
differential equations of motion resulting from Egs. [1] can be
obtained only with numerical methods. We show here the

Imaging. simple approximations can provide reliable analytical solu

tions, and that gradient waveforms accordingly designed pr
vide uniform and time efficient coverage &fspace while
maintaining accurate image quality.

INTRODUCTION

Many situations exist in MRI where fast image acquisition is
of particular importance; very old or very young subjects
(1,2, for example, find it rather difficult to stay still as do The time evolution of the gradient follows simply from the
many psychiatric patient8). Other examples include cardiactime derivative ofk,
imaging @, 5), studies of flow dynamics6}, or studies of
development of hemoglobin oxygenation (functional MRA). (

For this reason, many sequences have been proposed in the
past few years to reduce the length of the acquisition window
(8—13, a task which is far from easy, since gradient wave-
forms must be designed in such a way that the desired trajeed the expression of the slew rate follows as the time deri
tory in k space is properly traced without exceeding the limative of the gradient:

tations of the hardware in use. Hardware constraints limit

primarily two parameters: the gradient amplitude (which is s.= (2mly) AL(§ — 062)cosh — (26% + 66)sin 6]
limited by the peak current of the amplifier) and the gradient . . ) i

slew rate (which is limited by how fast the hardware can S, = (2m/y) A[(6 — 66%)sin 6 + (26° + 66)cos6]. [3b]
change the instantaneous gradient value). Spiral MRH19

has recently acquired increasing importance among the fasir aim was to find time efficient analytical solutions of thes
MRI sequences since it is softer on the hardware, but siilifferential equations. The fastest spiralkrspace would be
provides excellent SNR and good robustness against motitnaced withx andy gradient components which, both starting
As the name suggests, tlkespace is traced with a spiralingfrom zero, oscillate with an amplitude and phase such that tf
trajectory, which avoids the sharp gradient switching typicallyesulting vectoig reaches immediately its maximum modulus

METHOD

gy = (27/y) A6(cos6 — 6 sin 0) [2a]

g, = (2m/y) AG(sin 6 + 6 cosh) [2b]

[3a]
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FIG. 1. Plot of the gradient amplitude (a) generated by the “two-part” analytical solutions of the spiral equations of motion and of the correspondin
rate (b) (onlyx components are shown). The link between the “maximum slew rate” and the “maximum amplitude” regimes is at about 8.5 ms after the

and _remains constant from then on. This is impossible in |g| = [g2 + g2]¥/2 = 27mly)AO[1 + 62]Y2 = grme  [6]
practice, though, since for the gradient to have a constant

amplitude throughout the entire acquisition window, its cOMghich, again forg? > 1, also has a simple analytical solution:
ponents would have to oscillate very fast when tracing the

spiral near the center d&f space: the slew rate of these oscil- 12

lations would be consequently exceedingly high. In a similar g = [(ygm’“) t] _ [7]
way a gradient whose time evolution is characterized by a A

constant and maximum slew rate would require exceeding{% ) )

high amplitude values when tracing the periphenjkafpace. We generated our two-part gradient waveform simply by sufk
This problem can be circumvented by means of a gradieHttuting in Egs. [2]6 given by Eq. [5] for the first part (slew
waveform made of two part20): a first part characterized by 'ate limited) andé given by Eq. [7] for the second part
a constant slew rate, applied until the amplitude reaches (@nplitude limited).g,.. and s.. were set by the hardware
maximum allowed value, and a second part, with constafftaracteristics of our 1.5-T GE SIGNA (General Electric
amplitude, which starts near the time when the slew rate falftilwaukee, WI) scanner. Nonetheless, to obtain the final gre
below its maximum allowed value and ends whehas com- dient design, two important points had to be addressed: (a) t
pleted the desired number of turns. We obtain a constant sl between the two parts and (b) the gradient waveform whe

rate gradient waveform from Egs. [3] by imposing tracing the center of space, where the approximatiéh> 1
does not hold.

An accurate link of the two parts is fundamental since an
dramatic discontinuity in the slope of the final gradient wave
= (2mly) AL(H — 06092 + (26 + 66)%]Y2 = Sy form would cause inhomogeneity in tracing tispace. On the
other hand, Egs. [5] and [7] show th#@t has completely
[4] different time evolutions in the two cases of constant slew ra
and constant gradient: this means that the slopes of the tv
Assuming® much smaller tha®? for most of the trajectory, waveforms at the time points when they cross their respecti
and in the approximatiof” > 1, Eq. [4] has a simple analyt- thresholds almost certainly will differ enough to cause a visibl

o =[5} + 5§11

ical solution: discontinuity at the point of linkage. In order to find a prope
linkage we computed the slopes of the slew rate limited wave

3 [ ys. )\ 12 723 form at all time points within the one period of oscillation

= {2 (;;:) } [5] immediately preceding its threshold crossing and the slopes

the gradient-limited waveform at all time points within the one
period immediately following its threshold crossing. Time
In a similar way, we obtain a constant amplitude gradient fropoints were 4us apart, which was our scanner’s sampling
Egs. [3] by imposing resolution. The two waveforms were linked at the points &
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In addition, special attention had to be given to the gradier
waveform in the vicinity ot = 0, where the approximatioff
> 1 obviously does not hold. In fact, due to the presence of tf
time derivative off in the gradient expression, the substitutior
of Eq. [5] into Eq. [2] results in the appearance of the variabl
t in the denominator, which causes the gradient waveform |
exceed the slew rate limit far~ 0 and to diverge at = 0.
We modulated the amplitude of the gradient waveform in th
vicinity of t = 0 with the function 1— exp(—t/7), choosing
7 such as to keep the gradient slew rate below its limit. Ii
‘ particular in the present study, we chose a value ofhich
- allowed the gradient amplitude to increase from zero followin
the profile assumed by the waveform toz O (see Fig. 1a).
FIG. 2. k-space traject_ory designed fora8464_equival_ent matrix s_ize yvith As shown in Fig. 1b, this choice generated a rather overcol
240 mm FOV corresponding to the two-part gradient design shown in Fig. 1. . N . .
servative slew rate, well below its limit during approximately
the first millisecond. It is useful to note that from a computa
tional point of view, both the proper linkage and the modula
which the difference between the slopes of the two waveforriign of the gradient amplitude were easily obtained by means
was at a minimum, i.e., at the points which provided the few extra statements in the program generating the gradie
smoothest amplitude transition from one regime to the othenaveforms. In this way we generat&dandy components of

Numerical
solution

Analytical
solution

FIG. 3. Comparison between two equivalent series of axial scans of the same brain obtained at 1.5 T with the spiral sequence described in the pz
two sets were obtained using respectively the numerical (upper) and analytical (lower) solutions of the equation of motion for the spiral trajectory
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