JOURNAL OF MAGNETIC RESONANCEL32,260-265 (1998)
ARTICLE NO. MN981410

A Generalized Estimate of the SLR B Polynomial Ripples
for RF Pulse Generation

A. Raddi and U. Klose
Department of Neuroradiology, University of Aingen, Hoppe-Seyler Strasse 3, D-7207®ifgen, Germany

E-mail: antonella.raddi@med.uni-tuebingen.de

Received April 2, 1997; revised November 20, 1997

The nonlinearity of the parameter relations for the Shinnar-Le Such a classification has more than one drawback. First,
Roux RF pulse design algorithm has induced to perform forces the performance of anpriori choice about the initial
a classification based on the features of the slice profile due magnetization vector and the parameter of interest. Furthe
to the RF pulse. In the present paper a generalization of 416 theB polynomial ripples are estimated only for those
the relation between the ripple amplitudes of the SLR B polyno- five types of pulses. In all of the other cases, according t
mial and those of the slice profile is given. It allows generation of the class of pulses .the same estimation is u,sed damagi

RF pulses with better slice profiles and slightly reduced energy, . . . .
avoiding any a priori classification. The effect of our estimation the quality of the slice profiles, especially for the/2

has been shown by generating several pulses by generalized esti- €Xcitation class.

mation of B polynomial ripples. In addition, their behavior has In order to avoid any initial classification, we have per-
been compared to that of analogous pulses generated by means of formed a generalization of the estimate of the relation
the classification just mentioned. e 1998 Academic Press between theB polynomial and the slice profile ripple am-

plitudes, which allows generating RF pulses just by settin
their flip angle.

The Shinnar—-Le Roux (SLR) algorithri{5) reduces the RF

pulse design problem to the design of two polynomidlsnd THE SHINNAR-LE ROUX ALGORITHM:

B. Given a couple of polynomials, in fact, the SLR algorithm FORWARD TRANSFORM

permits their conversion into an RF pulse waveform. The ] ) )

polynomialsA andB have to satisfy appropriate constraints in [N the Schidinger representation, if the terms related
order to optimally approximate the desired slice profile, who$@ relaxation time are neglected, the Bloch equation re
parameters—the passband and stopband edges, and the in-di&€S to a rotation, which can be described throughiaor
and out-of-slice ripples—have to be specified. (a, B).

Shinnar and Leigh4) and Le Roux ) proved the existence ~Here
of the polynomials and established a relation between them and
the magnetization vector. Because of the nonlinearity of such a a = cog¢/2) — in,sin(p/ 2) [1]
relation, it is impossible to perform a direct calculation of the _ . :
polynomials’ parameterss). Therefore, an approximation is B = —i(n+iny)sin(¢/2) [2]
required.

(I13ased on experimental measurements, Rabiner and (B)olde(re determined by the _rotation angjzeanql the rotation axi_s
obtained a set of empirical relations between the passband Qn@ (N, ni, n,). The spin vectord, p) satisfies the constrain
stopband edges, and the in-slice and out-of-slice ripples. FYt + BB = 1'_ _ ) C
this reason, the attention has been focused only on the estimal’ae‘ﬂer the apphcgtlon of an RF field a_nd a magnetl_c field
of the ripple amplitudess). gradient, the solution to the Bloch equation can be written a

Pauly et al. (6) carried out the approximation of ripple
amplitudes for five types of pulses: small flip angle/2 (MI;/) ( (@  —p°  22*B )(Mxy>

= S

excitation, 7 inversion,r crushed spin echar/2 saturation. In My —-(B*)? o 2ap3* My
the Matpulse-1.0 implementation of the SLR algorithm, Mat- M; —a* B —aB 1-2B8pF /\M,

son @) performed a classification of RF pulses, based on the

RF types of Pauly, the flip angle, the initial orientation of thevhere M, and M, = M, + iM, stand for longitudinal and
magnetization vector, and the parameter of interest: transvetrsmsverse magnetization, and the superscripasd— refer to

or longitudinal magnetization. the magnetization after and before the application of the fiel
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SLR B POLYNOMIAL RIPPLES FOR RF PULSE GENERATION

TABLE 1
Standard Relationships for Ripple Amplitudes

Parameter of

Pulse interest 5, 5,
Small-tip-angle M, 55 55
/2 selective excitation M,y NG NG
ar inversion M, 5%/8 NG
Crushed spin-echo M,y 85/4 N
Saturation M, 5512 NG

(* denotes complex conjugation). If a sequencengfulses is
applied, the overall rotation can be represented as the produ

of the n individual rotations.
Under the hard-pulse approximation, the RF putsgis
made up ofn constant sampléd, ; with a durationAt. If a

piecewise RF pulse is combined with a field gradient who

amplitude isG, the rotation parameters—flip anglg and
rotation axisn;—can be calculated by

N —

¢; = —yAt \"|H1,j|2 + (Gx)?
yAt

n; = W (Hixj, Hiyj GX),

wherey is the gyromagnetic ratio.

The SLR key hypothesis46) is that it is possible to
separate the rotation due to the field gradient from t
rotation of the magnetization due to the RF pulse, if the fl

angle ¢;=—vyAt|H, ;| is small for everyj = 1,...,n. At

every step, the overall rotation can be described by tiag
product of the two spinorsz( 0), for the field gradient, and

(G, ), for the RF field:

(Z, O) — (einxAt, 0)
(C;, S) = (cog ¢/ 2), ie"sin(¢;/2)).
The angle, stands for the phase ¢f, ;.
The net effect of the sequenc€;( S§)(z 0)(Cj_1, §-1)

(z, 0)- - (Co, S)(z, 0) is represented by the spinak|( ;)
that can be iteratively calculated by

G- (% NS )

The replacement of; and g; with

Aj = ijlzaj [4]
By = z"%B (5]

allows the description of every spinor by a couple ¢f-
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1)-order polynomialsA; and B; which satisfy the constraint
|A(2)P+IBj(z)°=1 for everyj = 1,...,n.

The spin vectord, B) in Eq. [3] can be considered the result
of the overall rotation, so it can be represented by the couple
polynomialsA,, andB,,. The solution to the Bloch equation then
becomes

My, Z(A)? 7B 2ANB, My
My |=| —Z"B)?* ZA 2AB;  IMy . [6]
M —7"A'BY —7ZAB, 1-2B,B: /\M,

ESTIMATE OF B POLYNOMIAL RIPPLES
BY MEANS OF A CLASSIFICATION

QPhe nonlinearity of the relation between the parameters ¢
the B polynomial and those characterizing the slice profile
(see Eq. [6]) especially influences the relations between tt

gié)ple amplitude irB—3§, (in-slice) ands, (out-of-slice)—and

the effective slice profile ripples-83 and &5.

Paulyet al. (6) derive the relations between tligepoly-
nomial ripple amplitudes and those characterizing the slic
profile for five types of pulses, combining the choice of the
flip angle with appropriate initial magnetization and corre-
sponding parameter.

Table 1 summarizes such relations, from now on calle
standard.

Matson @) calculates the SLHB polynomial ripples for
every pulse, whose flip angle runs from 0° to 230°, using
classification based on a “reference” flip angle. Every RF

:ﬁ’"se whose tip angle is in the range [45°, 135°], fol

stance, is classified as an/2 excitation” pulse. That
means that the ripple amplitudes in tBepolynomial are
Iculated using the relation Paudt al. derive for a 90°
pulse, whatever the flip angle in [45°, 135°] is.

The implication is that the slice profiles simulated by using
the pulses thus generated are not optimal.

GENERALIZED ESTIMATE OF
B POLYNOMIAL RIPPLES

We assume, for computational aims, that the initial magne
tization is at the equilibriumyl = (0, 0, 1), and that the applied

RF pulse lies in they plane,n = (n,, ny, 0).
Under such hypotheses, Egs. [1] and [2] reduce to

a=codd/2) B=—i(n,+inysin(¢/2),
while Eq. [3] changes into

M, = 2a*

M; =1-2B8*.

1 Henceforth, the subscripts will be used only if strictly necessary.
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From Eg. [5] we can write the Cayley—Klein paramegeas oot

B=27"B(2)

04F

and the amplitude of the transverse and longitudinal magneti-5*
zation as 02}

IMyy| = 2]a*B| = 2|cog¢/ 2)||B|
IM; | = 11— 2BB* = |1 2[Bf]

(1-2BP, ¢ [0,727] U [3277 277] 0 ©

T 3w ' osp T
(2B -1), ¢¢ (2 : 2)

M, |
Xy

05k 0.5k

Neglecting the influence thB polynomial ripples have on the
cosine, the amplitude of the transverse magnetization depends |
linearly on B|. In contrast, the amplitude of the longitudinal

0.0

magnetization depends df jn a quadratic manner. 2 0 ’ ‘ T R T R
If we use B|= 8, (k = 1 in-slice,k = 2 out-of-slice) instead Distance [mm] Distance [mm]
of |B| t.he amp“tUdeS of the transverse and Iongltudlnal mag_FIG. 1. Comparison between linear-phase pulses calculated using gent
netization vector become alized (solid line) and standard (dash—dot line) estimate of the BlgRly-
nomial ripples. Slice profiles due to 30° and 90° pulses are illustrated in (A
M ;ry| = 2|co$¢/2)||B| = 2|cogd/ 2)|5, and (B), while the slice profiles due to 180° pulse used both as inversion al

spin echo pulse are shown in (C) and (D).

[(1-2(B|* 8)2~1— 2B

T
+ - E—
=438l ¢ ¢ [0’ 2] Y [ 2 ’277] Replacingdy,, anddy, with the values in Egs. [7] and assuming
M, | = 5 B > that there is no reason to choose different values forBhe
2B|*= &) —1=2BF—-1 S ) )
- 3 polynomial ripples according to the parameter of interest, Ec
+45B|, ¢ € <2,2) [8] changes into
o o . o ¢ (b
For the transverse and the longitudinal magnetization, the relation & = 25| |sin¢)||co > | + 2]coge)|lsin| > []. [9]

between the effective ripple amplitudes of the magnetizaijpn

and the B polynomial ripple8, can therefore be written as . .
poly PPIeS Equation [9] can be inverted

by = 2|CO%P/2)[8,, B, = 4[sind/ 2)]3,. [7] N
k

o, =
In.ord'er to avoid. chposing either the relations for the ‘ 2<|sir(¢)||cos(<£>|+ 2|co$¢>)||sin<(£> |)
longitudinal magnetization or those for the transverse mag-
netization, it is possible to considarightedvalues adding
¢y anddg, each respectively multiplied by the fraction ofallowing the calculation of the appropriaBepolynomial rip-
the transverse and longitudinal magnetization of the totales once the effective slice profile ripple amplitudes have bee
magnetizationM set up.

M| M, RESULTS AND DISCUSSION
— e

e

IR TG

M
In order to compare the slice profiles calculated using th
o } standard classification to those designed using the generaliz
The mag_netlzatlon is supposed to have unitary value; therefofgiimate of the SLFB polynomial ripples, we generated two
the previous equations become series of RF pulses—one for each type of estimation—with
duration of 3.072 ms and a bandwidth of 2 kHz, and with 1%

k= [SiN(@)[8k, + [cot d)|By,. [8] in-slice and out-of-slice effective ripple amplitudes. A third
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(A) (B) TABLE 2
' Standard SLR Pulses: Required, Actual Ripples
and Transition Band (TB) Percentage
Pulse Reqd$ Act. 65 Req. 55 Act. &5 B
=

30° 1.0% 4.0% 1.0% 0.7% 32%
| ; 60° 1.0% 9.2% 1.0% 1.0% 23%
! 90° 1.0% 5.6% 1.0% 1.3% 23%
lk.w | 180° 1.0% 1.6% 1.0% 3.0% 28%
T PR 2 Saturation 1.0% 1.4% 1.0% 0.8% 20%
Inversion 1.0% 0.7% 1.0% 0.8% 27%

Distance [mm] Distance [mm}]

FIG. 2. Minimum-phase slice profiles produced by 90° saturation pulse
(A) and by 180° inversion pulse (B). Generalized estimate (solid line), standard .
estimate (dash—dot line). In Tables 2 and 3 results concerning the percentage

transition band and the connection between the input speci

) ) ) . cations (Reqé; and Reqs5) and the values actually obtained
series of generalized estimate pulses with the same durat{glgt_ 8¢ and Act.82) are summarized. Actual ripples have beer

and bandwidth was generated with 5% out-of-slice ripple {Qcylated as the maximum deviation from the value expect
reduce the transition band in the slice profile. In all cases Wethe desired slice profile.

used 256 steps to divide the pulse length. If the pulses werqn )| cases, except saturation and inversion pulses, d
simultaneously applied with a field gradient of 4.7 mT/m, theyreased in- and out-of-slice ripples have been found. The wid

all excited a 10-mm slice. transition band detected does not make the slice profiles due

In Figs. 1A-D, the slice profiles of linear phase [sée-8] generalized SLR pulses unacceptable, the difference not bei
30°, 90°, and 180° pulses are compared. The 180° pulse Wasater than 17%6}.

used both as inversion. pulse (initial magnetization_ at _rest) andrne specified in-slice and out-of-slice ripples, together witt
as component of a spin-echo sequence (magnetization vegighqwidth and pulse length, determine the transition band: tt
lying along they axis). _ _smaller the ripples are, the wider the transition band is. The R

Figures 2A and B show the comparison between two minyses whose simulated slice profiles were used in Figs. 1-
mum phase saturation pulses and two minimum phase inV@fsre all generated with 1% in-slice and out-of-slice effective
sion pulses, respectively. Because of greater in-slice rippl%me amplitudes. An exception is the linear phase 180° puls
the slice profiles due to generalized SLR pulse do not fit thgq the minimum phase saturation and inversion pulses calc

desired rectangular profile as well as those generated by staRsq by using the generalized estimate for Bpolynomial

dard SLR pulses. _ _ _ . _ripples. They were generated with 1% in-slice and 5% out-o
Concerning the quality of slice profiles, the most interestingice ripples.

results are obtained for pulses whose flip angles run from 50°, order to compare the behavior of pulses with same fli
to 130°. As an example we compare the slice profiles of twaygle, duration, and bandwidth, but with different values o
60° pulses (see Fig. 3). in-slice and out-of-slice ripples, we generated 90° linea

phase pulses with a duration of 3.072 ms and 0.5%, 0.19

121 0.05% and 0.01% ripples using both standard classificatic
and generalized estimate. The results are shown in Tables
1.0 and 5.
Standard 90° pulses with required ripples amplitude les
08 than 1% have nonequal out-of-slice ripples (256 samples we
zx 0.6
TABLE 3
0.4 Generalized SLR Pulses: Required, Actual Ripples
and Transition Band (TB) Percentage
0.2
Pulse Reqs3 Act. 83 Req. 8% Act. 85 B
0.0
20 30° 1.0% 1.40% 1.0% 0.40% 37%
60° 1.0% 0.70% 1.0% 0.50% 40%
Distance [mm)] 90° 1.0% 0.07% 1.0% 1.30% 35%

. 180° 1.0% 1.00% 5.0% 0.02% 37%
FIG. 3. The performance of two linear-phase 60° pulses. The plot COMge. ration 1.0% 3.70% 5.0% 0.20% 21%

paresM,,| for pulses calculated by using generalized (solid line) and Standa}f‘ﬂ/ersion 1.0% 2.50% 5.0% 0.06% 29%
(dash—dot line) estimates. i i i :
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TABLE 4 ot oy . ®)
Standard 90° Linear Phase Pulses oor . E——
— 13 ; S 1ot ‘\‘ . generalized 5%
| T § -
Req. 8% Act. 87 Req. 85 Act. &5 B A ceneralized 5% i E" \
= £ 100f - - -3
1.00% 5.6% 1.00% 1.3% 23% ¢ 5 AR
0.50% 4.0% 0.50% max 1.80% min 0.70% 28% 5 .l 2 9l SN
0.10% 1.3% 0.10% max 0.60% min 0.20% 39% s _':3 BN \\ /’ RN
0.05% 0.8% 0.05% max 0.35% min 0.10% 43% & 80F AT N
0.01% 0.2% 0.01% max 0.10% min 0.02% 51% ol 0 VO
0 50 100 150 0 50 100 150
Angle [deg] Angle [deg]

used for the RF waveform) and the actual ripples are alway$IG. 4. The power integrals calculated for linear phase pulses with dif
greater than the required one. This is more evident for in-slitsgent flip angles are compared in (A). Standard (1% out-of-slice ripples) ar
ripples. In case of non-equiripple pulses, the maximuﬁfneralized ripple amplitudes estimate (both in case of 1% and 5% qut-of-slin
and minimum deviations from one and zero have been Cal(gpg\l,(:? have been used. In (B) the percentage of relative power integral
lated. Generalized 90° pulses are equiripples and the actual

in-slice ripples are remarkably less than the required one.

Out-of-slice ripples are close to the design values. The cost|

a 12-27% wider transition band, which is considered to be n:%\ndard estimate represent roughly 48% of the maximu

too bad ©). . . amplitude, whereas the pulse produced by means of gener
The pulses produced by a generalized estimate have a Ioﬂ%d estimate has Conolly wings with only 9.4% of its maxi-
value of the energy. In particular, pulses whose flip angle mum amplitude. Moreover, their peak amplitude is nearly 99

[140°, 180°] have an even smaller peak power and shorfggs than that in the 180° standard SLR pulse. In general, f

Conolly wings. . ulses with flip angles running from 140° to 180° and 5%
In Figure 4A we compare the value of the power integr uj-of-slice ripples there is a mean reduction of 8% of the pes

for all three series of linear phase pulses; the percentageaﬂfp”tude_

relative power integral is shown in Fig. 4B. For flip angles

running from 10° to 40° there is almost no decrease if both

1% in- and out-of-slice ripples are used and even an increase
(from 7% to 16%) if generalized 5% are needed. When the The simulations we have performed have shown that it i

flip angle runs from 50° to 130° there is a minimum 11(;/}5ossible to use the pulses generated under the assumpt
and a maximum 28% reduction if both 1% in- and out-Ofthat the initial magnetization is at rest in every sequence |
slice ripples are used. There is still a reduction, but only pulse, for example, can be used both as an inversion pul
from 5 to 22%, if 5% out-of-slice ripples are requiredgnq as a spin-echo pulse). Moreover, too wide a transitic
Finally, for flip angles running from 140° to 180° thepand in the slice profile due to the use of the generalize

decrease changes from 21 to 27% for 1% in-slice ardtimate can be avoided by increasing the desired out-c
out-of-slice ripples and from 14 to 17% when 5% out-ofgjice ripple amplitude.

slice ripples are required. _ _ The use of generalized estimate allows the avoidance of a
In particular, the use of 90° generalized SLR pulses with 19

S >e 0 _ _ (lz{?evious classification. It even provides pulses with better slic
in-slice and out-of-slice ripples yields a reduction of about 15%

in power integral, whereas using 180° generalized SLR pulses
with 1% in-slice and 5% out-of-slice ripples permits a reduc-

i<§ting that the Conolly wings of the pulse generated using tt

CONCLUSIONS

o . ) (8)
tion in the power integral of about 17%.

In Fig. 5, 180° pulse waveforms are compared. It is worth ¢ 40f

TABLE 5 220 320
Generalized 90° Linear Phase Pulses £ £

Req. 8 Act. & Req. &5 Act. & B o or
1.00% 0.07% 1.00% 1.3% 35% 0 ! 2 3 ¢ 0 ! 2 3 *
0.50% 0.2% 0.50% 0.66% 41% Time {ms)] Time [ms]
0.10% 0.06% 0.10% 0.13% 56% ) .
0.05% ~0.001% 0.05% 0.04% 63% FIG. 5. Linear-phase 180° pulses. In (A) the pulse generated making us
0-01% %0'001% 0'01% 0'01% 780, Of generalized estimate is plotted, while the pulse obtained by means

standard ripple amplitude approximation is presented in (B).
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profile than those of the standard SLR. These new pulses h&v#. Shinnar, L. Bolinger, and J. S. Leigh, Magn. Reson. Med. 12, 88
smaller out-of-slice ripples and, particularly if the flip angle (1989)-
runs from 140° to 180°, smaller energy and smaller pedk M. Shinnar, and J. S. Leigh, Magn. Reson. Med. 12, 93 (1989).
power. 5. P. Le Roux, Abstracts of the Society of Magnetic Resonance in
Medicine, 7th Annual Meeting, p. 1049, 1989.
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