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Excitation sculpting (T-L. Hwang and A. J. Shaka, J. Magn.
Reson. A 112, 275-279 (1995)) used for solvent suppression and
selective excitation in NMR bases its success on the ability to
remove baseline and phase errors created by the application of
selective rf pulses. This is achieved by the application of two
pulsed field gradient (PFG) echoes in sequence. It is essential that
the two pairs of PFGs select the coherence transfer steps indepen-
dently of each other, which is conveniently achieved if they are
applied along orthogonal spatial axes. Here, the much more com-
mon case where both PFG pairs must be applied along a single
axis is investigated. This is shown to lead to complications for
certain ratios of PFG strengths. The original theory of excitation
sculpting is restated in the spherical basis for convenience. Some of
the effects can only be explained by invoking the dipolar demag-
netizing field. © 1999 Academic Press

Key Words: excitation sculpting; pulsed field gradients; coher-
ence pathways; dipolar demagnetizing field; solvent suppression.

INTRODUCTION

coherence transfer selection process regardless of the gradi
ratio G,/G,.

However, very often the experiments must be carried ot
when only a single gradient direction is available, and the rati
G,/G, becomes critical. This case has not yet been invest
gated in detail although it concerns the vast majority of the
applications in the literatured¢8, 10.

THEORY

The spherical basis is convenient for this kind of problen
since it allows one to analyze the effects of rf pulses separate
from those of the PFGs for each possible coherence pathw
(12). In this way, artifacts are associated with unwanted co
herence pathways surviving the two gradient echoes.

As in the original work {-3 we are interested in the
transformation of the input vecton into the output vectoM,
both of which are given with respect to

e, = —2"Yx +iy)
Excitation sculpting1-3) is a powerful method for selective
excitation and solvent suppression, which has found many €o
applications in particular in the area of biological NMR where e, =2"Y2x —iy). 2]
experiments must be carried out in,® and where clean
selective excitation is cruciat10. It allows one to suppress The single echo will be considered first, schematically rep
phase errors and baseline distortions which are caused by rré'@ented byG, — R — G,. Without providing specific infor-
application of a_selective pulse. The sequence can be reRCition on the transformatioR we may represent it as an
sented schematically by arbitrary rotation characterized by the three Euler angle3,
v (the convention of Roselp) is used).

=27z

G,—R-G,—G,—R-G,, [1]
Rmm(a! Bi y) = D%Tm (O[, Bl ’Y) [3]

whereG; andG, represent the pulsed field gradients (PFng ) ) ) )
andR represents a selective pulse (or a combination of sel Ris the transpose @) and the matrix elements are given by
tive pulses with hard pulses).

The theory {) states that in order that the artifacts be
removed effectively the two gradient pairs should be chosen
such that they defocus and refocus independently. One wayatbere thed.,, (8) are the reduced matrix elements of the
ensure this is to apply the two gradient pairs along orthogonaligner rotation matrix of rank 1.
directions in space, thus allowing for a completely independentFrom the definition of the Euler angle$2) we see thap3

Rum = exp(—im’a)df, (B) exp(—imy), [4]
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can be regarded as the actual (on-resonance) flip angle while Defining the “probability for flip,”"P = (1 — cosp)/2, we
and-y are responsible for offset effects and phase errors. can draw the complete analogy to the original thediy (
The action ofR on the input vectom is represented as

p2 0 0
M = Rm 5] M= 0 @-2Pm2 0 |.m. [10]
0 0 p2

with

cog(Bl2)exp—i(a + v)) 2 YZ%inp exp(—iy) sin¥(B/2)expli(a — 7))
R= — 2 Y%inp exp(—ia) cosp 2 Y2sin B explia) [6]
sin(B/2)exp(—i(a — 7)) -2 YZ%sinBexpliy) cosi(B/2)expli(a + v))

The ideal case is considered first (i.e., the gradient pafPfase errors and leakage terms are effectively removed by t
defocus and refocus independently): One gradient pair leadsfplication of the second echo, and the input vector is mere
refocusing only if the coherence order changes sign through se&aled. This is, in fact, a simple consequence of the symmet

action ofR, i.e., D*m = (=)™ " D_n_m (12) from which one can verify the
validity of the excitation sculpting principle for arbitrary spin
Gipy+ Gip,=0=> p; = —p,. [7] systems when the action Bfis describable as a pure rotation.
If both gradient pairs are applied along the same axis
We have thus three possibilities, however, one cannot analyze each echo separately. We m

(1) (p1, p2) = (1, —1) < s=sin*(B/2)exp(—i(a — vy))
(2) (p1, p2) =(0,0 < s=cosp
(3) (pu, p2) = (-1, 1) < s=sin’(B/2)expli(a — ), [8]

wheres, the signal attenuation, is taken from Eq. [6]. consider cases in which complete refocusing is only achieve
Due to the action of the second gradient pair (which &fter the second echo; i.e.,
assumed to be independent from the first one) only inversion of
the coherence ordgr, will be allowed. We are left with the B
three possibilities Ga(py+ p2) + Ga(p2 + pg) = 0. [11]
_ _ — aind If we exclude cases whei@, = 0 orG, = 0,p, + p, =0
(1) (P, P2 pa) = (1, =1, 1) < s=sin"(p/2) impliesp, + p; = 0 (andvice versj and we have again the
(2) (p1, p, 2p3) = (0, 0,0 < s = cosB following possibilities @,, p,, ps) = (1, —1, 1), (-1, 1,
_(_ _ — it —1), and (0, 0, 0) as in the uncorrelated case (the sign
(3) (Pyy P2 pg) = (=1, 1, =1) < s=sin(B/2), [9] attenuations will be the same as in Eq. [9]). These are, in fac
the desired pathways, which are always selected, regardless
where the signals are calculated from Eq. [8] by appropriatiee gradient ratids,/G,.
combinations. Certain ratios, however, will allow also other (unwanted)
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TABLE 1 theory) is reduced to the case of a two-pulse sequet¥eot
Coherence Pathways Selected by Certain Gradient Ratios and a three pulse sequence with otherwise strong simplifying a:
Their Signal Attenuation in Terms of Euler Angles sumptions 19, 20. The application of a soft pulse for a dura-
Number GJG,  p p b Signals tiort comparable in order to the characteristic “dipolar demag
netizing time” L4) 74 = 1/ywM, (i.e., ca. 120 ms for a neat
1 —on 0 1 1 232g-0+2) (1 4 cosg) sing H-0 samplem a 7 Tmagnet) leads to more complications and
2 0 -1 -1 —27%2%¢+2 (1 + cosB) sin B renders the problem essentially intractable and confined
3 -7 1 1 1 i (1 + cosp)®  expensive numerical simulations.
4 L0 — "SIt B n the present article, effects during the soft pulses ar
5 0 1 0 —e " sin® B . .
6 0 -1 0 Z1et) gin? g neglected (they are short) atnd Ieekage effects using gradie
7 1 0 -1 —l«n ginz g ratios other than the ones listed in Table 1 are attributed |
8 -1 -1 -1 1e?*)(1 + cosp)? coherence pathways with at least dpg > 1. Assuming that
9 -1/2 1 1 0 -2*'™"™(1+cosB)sinB the strongest artifacts will be caused by coherence pathwa
10 -1 0 277%™ (1 + cosp)sin B \yith g next higher order coherencé4f Table 2 shows the
11 11 1 0 -1 e sin’ g . . - . . . .
12 1 0 1 166 g g possible grad|ent.rat|os which cause their selection (fcr breV|t
only detectable signals after the sequence are considered, i
Note.Pathways corresponding to the ratios<Qand 0/0 are removed, since p; = —1). The extraction of quantitative information about
they either cannot be selected or correspond to the trivial cases given in é)@pected signal intensities would require extensive comput:
text. simulations. Table 2 thus provides an overcomplete set ¢

gradient ratios (to the extent that we may include highe

. , coherence orders if necessary), the actual significance of whi
pathways to leak through. These ratios are determined from [rgq yet to be shown by experiment.

[11] as In the first publication describing DDF effects in NMRJ)
it was shown that these effects scale witl{cos 6 ) where6
E __P T Ps [12] is the angle the magnetic field gradient makes with the dBgtic
G, P+ P2’ field. Thus by conducting experiments with different angles o

the applied gradients it is possible to separate dipolar fiel
which is only meaningful for nonsingular and nonzero valueartifacts from conventional ones. In particular, at the magi
Table 1 summarizes the coherence pathways that are seleategle, cos'(1/\V/3) = 54.7 degrees, the dipolar field effects
by certain gradient ratios. The signal intensities are calculatsidould vanish completely. Similar effects were shown earlie
by use of Eq. [6]. All pathways in Table 1 are attenuated witim the context of water suppressioRlj.
phase errors with respect to the desired pathways (Eq. [9]).
Therefore, the corresponding gradient ratios have to be

voided. i . .
a I:gv?/iver it was found in experiments with excitatio Coherence Pathways Selected by Certain Gradient Ratios for
' P r}3~bsolu'[e Coherence Orders Larger than One (in the Case of

sculpting used for solvent suppression that also gradient ratl_(%olar Demagnetizing Field Effects)

other than the ones shown in Table 1 led to nonideal behavier

(Figs. 3-5). Changing the axis of the applied gradients allowed  Number G./G, P P,
to attribute these leakage effects to the dipolar demagnetizing

TABLE 2

field (DDF) (13-16. The analysis of DDF effects is hampered ; —3;; 1 —g
by the inherent nonlinear behavior of the equations of motion 3 :fll _f 72
under the DDF 13) and coherence pathways cannot be defined 4 —11 -1 2
in a conventional way. It was shown that they exhibit multiple 5 —3/4 -2 -2
guantum coherence like behavior in every aspect of conven- 6 —2/3 -2 -1
tional NMR (14, 15. A quantum mechanical theory for these ! —12 0 2

. 8 -1/2 -2 0
effects was proposed 4) where DDF effects were explained 9 _13 1 2
by intermolecular multiple quantum coherences. It was also 10 —1/4 2 2
found that while quantitative information was more readily 11 1/2 2 0
derived from the classical theory (a mean-field approach) the 12 21 2 -1

guantum theory allowed to use standard NMR concepts such as

heren thw t nalvz | n R nt ote.Pathways involving only single and zero quantum coherences ar
coherence pa ays 10 analyze puise sequences. kece n in Table 1. Here, for brevity, only the pathways are listed which ar

lications suggest that .bOth approaches are equivalehtl§. _ detectable in a water suppression sequence applied at the end of a pu
Usually, the analysis of a complicated sequence (by eitheguence (i.ep; = —1) and which do not correspond @&/G, = 0, %, 0/0.
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0.04 0.04 be distinguished by the application of stronger gradient pulse
where the former are in general attenuated much stronger th
the latter (Figs. 4 and 5).

0.02 0.02
k= 4.5 x 10° rad m™ k=6.5x10% rad m™
w EXPERIMENTAL
0 0
The following experiment was conducted,
0020 % 40 60 0 0020 a0 60 0
0.04 0.04 .
whereR = (mwg — m). w/2, w are hard rf pulses with the
respective nominal flip angles, and,, is a selectiver pulse of
0.02 s 0.02 . durationT on the water resonance.
k=85x10"rad m k=10.5 x 10" rad m

All experiments were performed on a Bruker DRX 300
0 | 0 spectrometer (300 MHz proton frequency), equipped with a
Acustar gradient amplifier and a multinuclear 5-mm inverse
probe (TXI) featuring actively shielded triple axis gradient

-0.02 -0.02

0o 20 406 60 80 0o 20 406 60 80 coils. A 90% HO/D,O sample with 5 mM ubiquitin in an
acetate buffer at pH 4.5 at 298 K was used. A gaussian shap
0.04 0.04 pulse with 1K points, and 1% truncation was chosenfgy.
A single scan of 4K points was acquired in 570 ms. An
0.02 0.02 exponential window function with 2 Hz was applied. To allow
k=125 x10° rad m”' k=145 x10° rad m”' sufficient relaxation in between successive experiments a del
0 0 of 30 s was included.
L 2 Figure 2 shows the spectra acquired for the soft pulse dur.
tions 7 = 3 and 9 ms with transverse and longitudinal gradi-
002 — 20 80 80 002 20 0 80 ents. The quality of the water suppression is excellent in a
0 0 cases and is the same with the use of orthogonal gradients a

FIG. 1. Attenuation functions(#) for coherence pathways according to!ongltUdm"le Slngle-aXIS gradlents. Very hlgh spectral selectiv

Eq. [13] depending on the modulation wavelengtland the angle of the ity iS achieved for the spectra in Figs. 2c—2f, while J-modula
applied gradient (w.r.t. th, field). The sample is assumed to be a cylindetion effects and transverse relaxation attenuation are accej
with h = 12 mm, andr = 2.1 mm. able.

The experiments shown in Figs. 2b and 2f were conducte
If the wavelength of the gradient modulatiok € (k,, k,, for all gradient ratioeGllG? = mn With. ml, [n] < 6. Highe_r
k) = v [ G(t)p(t)dt) is low (usually 1016 rad/m) for a values. ofm, n were considered practically nonrelevant since
particular pathway there can arise effects which may be mis Y .h'gh gradient strengths must be used to adequate_ly d
taken for DDF effects through their angular dependence. It Wg@gué‘j'z cmerencr:]e pathwa_ys selecijted, €.g., by the.ratlor? €
shown recently 11) that the gradient attenuation for a cylin—gz proviéve(; eTi;[ ;”Z v?/ae:anitrlTc?n?p?;ris\é)vr?tt?;t?/\l/l:gr:e:fpl)zrr]irie?qLi
drical sample (heighb, radiusr) is given by with different gradient ratios the gradient strengths were se
sin(kch) 2J,(k.r) such thatiG,|+|G,| = G, = 0.35 T/m 0.49 T/m for the
(0) = z 1y ' [13] experiment in Fig. 4) and the appropriate setting&oandG,
kzh Kyl (peak amplitude of sine shapes) were calculated by

wherek,, = (kI + k)" andJ, is the Bessel function of the G, = Gy/(L + |m/n|)

first kind and first order. Oscillations as a function of the angle 2 °

6 of the applied gradient are introduced through= k cos#, G, = Gm/n. [15]
andk,, = k sin 6 (with k = |k|). Figure 1 shows the function

s(0) for certain values ok. Whenk is increased the overall The gradient pulse duration was 1.5, 2.2, and 3.5 ms for tt
damping becomes stronger but the oscillating features remagmperiments of Figs. 3, 4, and 5, respectively (shorter gradie
Figure 3 shows experiments where such an angular dependgmndses than 1.5 ms resulted in bad water suppression, presu
can be observed. The most important difference to DDF effeetBly due to Eddy current effects and gradient area instabilities
is that the latter do not show oscillations. Furthermore, they canTilted gradients were performed by combining thand the
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X, y gradients z gradients

3ms 3ms

a b
9ms 9ms

C d

e 9ms f 9ms

10 8 6 4 2 0 10 8 6 4 2 0
ppm ppm

FIG. 2. Excitation sculpting water suppression experiment on a 90@/B,O sample with 5 mM ubiquitin. Sine shaped gradients are used. The spec
on the left side are acquired with, alongx andG, alongy with peak strengths of 0.175 T/m each. On the right gideadients were used with a rai®,/G,
= 3/1 (G, = 0.262T/m, andG, = 0.088T/m). The durations of the gradient pulses are 1.5 ms except for (e) and (f) where they are 3.5 ms. (c—f) show
the selectivity is improved w.r.t. (a—b) due to the longer soft pulse, while J-modulation effects and attenuation due to transverse relaxatierateThe
apparent improved performance of the single axis gradient experiments (b, d, f) is merely a coincidence.

x gradients with appropriate ratios, the relative strengths kfis interesting to note the difference in phase behavior as als
which were calibrated by a simple PFG echo diffusion expendicated in Table 1. The ratio of 1/1 corresponds to a case
iment on water. As a measure to avoid complications fromhere no effective gradient is experienced in the second ev
regions with strong gradient nonlinearities the sample wéasion period and it shows consequently the most severe ar
confined to 12 mm in the center of the 17 mm high rf coil byacts. The ratios-2/3, —3/4 show an angular dependence with
susceptibility-matched plugs as recommended receBfy (t a minimum at the magic angle, which strongly indicates tha
was found further that flipping the polarity of both gradientthey are caused by DDF effects (these ratios are featured
did not change the results for any ratio. All spectra were phas€dble 2). Other ratios«{3/2, —4/5, —3/5, —4/3, —5/3, —5/4)

to give in-phase ubiquitin signals. lead to fairly strong leakage effects of the oscillating type
discussed in connection with Eqg. [13] and Fig. 1. Weake
RESULTS AND DISCUSSION effects are observed for1/2, —1/3, and—1/4. The leakage is

mainly due to the coherence pathwayl(, 0, —1). It should be
Figure 3 shows the results of the excitation sculpting expanentioned that these problems are an artifact of the finitene
iments with varying flip angles for all gradient ratios. Thef the gradient strengths applied. For this reason a secol
ratios —2/1, 1/1, and—1/1 show severe leakage effects aseries was performed (Fig. 4) with stronger and longer pulse
predicted in Table 1 fop; = —1 (detection coherence order) field gradients G, = 0.49T/m, 2.2 ms) in order to attenuate
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FIG. 3. Excitation sculpting water suppression experiment on a 9Q@/B,0 sample with 5 mM ubiquitin. The soft pulse durationriss 3 ms, and the
gradient pulse duration is 1.5 ms (corresponding to the experiment in Fig. 2b). For each gradie@t/@tic= m/n with |m|, |n| < 6 the gradient direction
was tilted from# = 0 to 90° in steps of 2. The residual water resonance is shown for all experiments (the region of 4-5 ppm is plotted). The scale inc

the approximate position of the magic angle, 55°. Some spectra were scaled down by the factor indicated to fit in the figure. In the top left coroler the
size of the highest protein signal is shown for comparison.

these artifacts. The ratios that lead to DDF effects in the spedtigher coherence orders than two. A strategy to avoid DD
are now unambiguously determined a2/3 and—3/4. Even effects can be devised for such cases in the following way.
with this setup (long gradient pulses) leakage is still observedif the highest possible multiple quantum coherence (involv
from the ratio 1/1 to the ratios 5/4 and 4/5, and also fredi1l ing intermolecular interactions) i, andp; = —1 is fixed
to —5/4 and—4/5. (for detection) then the extremal values of the gradient ratio
Figure 5 shows the results of another experimental seriemusing refocusing of unwanted pathways are
conducted with a longer soft pulser & 9 ms) and with G,
gradients of length 3.5 ms ai&l, = 0.35T/m. Here, the same min[ G] = —pn—1
effects are observed. Leakage effects are well suppressed by 2
the long gradients. G,
Not all of the ratios shown in Table 2 actually have appre- max{ ] = P
ciable effects on the spectra (as was discussed in the Theory
section) but this may well change at higher fields and with
longer evolution delays. It may even be necessary to considdérs follows immediately from Eq. [12] and it can be verified

[16]
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FIG. 4. Same experimental series as in Fig. 3 but with a gradient duration of 2.2 m&arsd0.49 T/m.

for p,, = 1 and 2 in Tables 1 and 2. The valuemf depends factor. This time constant is inversely proportional to the
in principle on the field strength, the water concentration, amdacroscopic magnetization and will therefore be much longe
the duration of the selective pulses and the gradients. As thenly a fraction of the signal is not modulated.
experiments and Table 2 show, higher coherence orders thaifo refocus the magnetization before the second soft puls
two are not necessary to explain the DDF artifacts with titee following condition must be fulfilled:
parameters used. Choosing a ratio outside of the range given by
Eq. [16] allows one to be always on the safe side.

Radiation damping23) has not yet been considered so far Gi(p; + py) + Gyp, = 0. [17]
since the bulk water magnetization is usually defocused
strongly enough such as not to create coupling with the rf-coil.
The only situation in which it could play a significant role id.eaving aside the trivial case(, p,) = (0, 0) the gradient
when unmodulated magnetization is rotated into the transveragos for this to hold ar&,/G, = —1/2 for (p,, p,) = =(1,
plane during the soft pulses, or when the magnetization 13 andG,/G, = —1 for (p,, p,) = (0, =1). The first ratio
refocused before the second soft pulse. In both cases th@ not lead to significant artifacts as is verified in Fig. 5 anc
durations of the soft pulses must be comparable to the “rathe latter is one that must be avoided for other reasons (Takb
ation damping time” 23, 24, which is on the order of 30—60 1). It was thus concluded that radiation damping could b
ms for water &7 T field strength depending on the qualityneglected with the parameters used.
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FIG. 5. Same experimental series as in Fig. 3 but with a gradient duration of 3.5 ms and a soft pulse lengt® afis (corresponding to the experiment
in Fig. 2f).
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CONCLUSION gradient systems the use of magic angle gradients is in gene

o ] _ _ a good idea.
It was shown that excitation sculpting using single axis \yjtiple excitation sculpting steps require, of course, a mor

gradients is subject to severe artifacts depending on the g5y, ,gh analysis but this can be done easily along the lin
ent ratio G,/G,. These effects are well explained by th@§

. . : utlined in this article (Table 1 for example predicts alsc
refocusing (or partial refocusing) of_unwanted cohergn_ce pa ymplications with a ratio of 1/2 in a pulse sequence wher
ways on the one hand and by dipolar demagnetizing fleexcitation sculpting is applied at the beginning)
effects on the other. :

Many NMR spectrometers are not equipped with triple axis
gradient hardware (where this problem essentially does not
arise). In the experiment considered, unwanted signals can be
easily avoided by choosing a gradient ratio other than one
Ieading to artifacts of Figs. 3-5, or more safely, outside of theThe author is grateful for having pggn able Fo perform preliminary tgsts (o]

a 500 MHz spectrometer at the Instittit iGhemie, Johannes Kepler Univer-

range given by Eq. [16]. Inspection of Figs. 3-5 shows alss(l%'ét Linz, Austria, and for helpful discussions with Norbert' Néu, Geoffrey

that mo_re negative _I’_atIOS a_re “problematic” than positive ON@3denhausen, Brian Cutting, and Pierre Mutzenhardt. This work was suj
(essentially all positive ratios except 1/1 are “good”). If th@orted by the Fonds National de la Recherche Scientifique (FNRS) and by t
gradients must be applied along one direction in triple ax@mmission pour la Technologie et I'lnnovation (CTI) of Switzerland.
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