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In certain water suppression experiments, the residual water,
which comes from a region away from the center of the RF coil
and experiences a much smaller flip angle than the designed one,
may appear. The residual water in the WET sequence can be
reduced significantly by using a composite 90390;90%,90°, pulse,
which de-excites molecules experiencing a small flip angle. The
composite pulse, however, has two null excitation points near on
resonance, causing a severe loss of spectrum intensity and baseline
distortion toward the null points. Since the residual water experi-
ences a very small flip angle, it can be treated as a linear spin
system; i.e., the intensity of the residual water is proportional to
the pulse strength and width. Based on this principle, the residual
water can be reduced dramatically by replacing the 90° pulse in
the “270” WET sequence with a 270° pulse for one out of every
four scans, without noticeable loss of intensity and baseline
distortion.  © 2000 Academic Press

Key Words: residual water suppression; WET sequence; com-
posite pulse; excitation profile; linear response.

INTRODUCTION

In NMR, many pulse sequences for water suppression

narrow selective RF pulses with the water peak on resonance

and with a desired flip angle, defined d3 (

9 = j " fL(t)dt, [1]

the excitation profile severely especially in the downfield re
gion due to the off-resonance effect.

Since the residual water experiences a very small flip ang|
the corresponding spin system can be treated as a linear s
tem; i.e., the residual signal is proportional to the RF puls
strength and width. Based on this principle, we show that tf
residual water can be reduced by replacing the 90° pulse wi
a 270° pulse of opposite phase for one out of every four sca
in the new “270” WET sequence (Fig. 1). After four scans, th
residual water excited by the 90° pulse is accumulated thre
times and is then subtracted from the one by the 270° puls
while the desired signals are added four times.

In this paper the excitation by the composite
90;90/90,90”, pulse is simulated using the Bloch equation:
and the two nearest null excitation points are calculated, whic
explains the nonsymmetric excitation by the composite puls
Comparison is made between the experimental results afford
by a 270° pulse in the “270” WET sequence and those from
composite pulse and a single 90° pulse. The residual water
the WET-NOESY 8) and WATERGATE b) is also discussed.

use
THE EXCITATION BY THE COMPOSITE

90590590°,90%, PULSE

It was shown that the composite puls€9G90°,90”, (2) is
quite effective in eliminating signals experiencing a flip angle
smaller than 30° or so under on-resonance conditions. Thel
fore, it is useful in removing residual water near on resonanc
However, the composite pulse has a nhonsymmetric and qu

where f,(t) and pw are the RF pulse strength and widtHimited excitation bandwidth (Fig. 2d) as a result of the twc
respectively. Equation [1] is adequate only for water moleculesnsymmetric null excitation points located at offdet =
close to the center of the RF coil. For those molecules furthet0.808G, and A, = 0.5475,, respectively, which can be
away from the center region, the resonance frequency canumelerstood by the following analysis.

shifted substantially in response to the inhomogeneity of theThe excitation profile by a single 90° pulse is shown in Fig
external magnetic fieldB;) and the pulse strength experience@a, which can be obtained analyticalB) (It is, however, quite
by these molecules can be reduced significantly, resulting intdious to derive the profile analytically for two consecutive
off-resonance excitation and a much smaller flip angle than tB@° pulses of different phases. Nevertheless, one can alwe
desired one}). Therefore, a residual water signal, which maget the two-pulse excitation with computer simulation usin
spread out in a quite broad range, will appear in the spectrutine Bloth equations?, 8) as plotted in Fig. 2b, which shows a
To overcome this problem, a composite pulsé®090 ,90°, null excitation point a\, = —0.808@,. This null point can
(2) is used in the WET sequenc®, @), which reduces residual be revealed by calculating the composite rotations by the tw

water dramatically. However, the composite pulse also distodsnsecutive pulses 980.

1090-7807/00 $35.00 382

Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.



ENHANCED SUPPRESSION OF RESIDUAL WATER 383

identical and if they become zero for a particulaior A the

combined rotation is around the axis, resulting in a null
excitation. This null point can be calculated simply by setting

the coefficient ofo, equal to zero, which leads to

Recording Pulse

“ANNA

PFG

N — .
Sy = a1+ A% X457, [4]

1 n
= with a solution ofA = A,/f; = —0.8080.This null point

FIG. 1. The WET sequence with relative flip angles (of the selectivagrees well with the computer simulated one using the Bloc
ations (Fig. 2b). Similarly, the second pair of the composi

pulses) 81.4°, 101.4°, 69.3°, and 161.0° to alleviate the problem caused byé
Ise 90,90, will also form a null point that corresponds to

inhomogeneity of the RF pulses and spin-lattice relaxation. In order to have'
similar selective regions, all four selective pulses have the same pulse stren i :
e same offsed,/f;, = —0.8080 as thdirst one. Therefore,

which also simplifies the calibration of the WET experiment. The pulse ang|
are adjusted by the relative pulse widths rather than the power levels. fiee null point remains after the entire four 90° pulses as shov

reduce residual water, the last 90° recording pulse can be replaced b}haFig. 2d.
composite pulse §90,907,90,, or a 90° pulse for the first three scans and a

270° pulse for the fourth scan.
12
. . . 11
It is well known that for a spin-1/2 system an arbitrary 08 / \
rotation around an axie and with a rotation angle can be g a
06 -

expressed af)

Rn((P) — efi(q:n-u-/Z) — CO<(2‘D)

. [P
—i(neoy + nyoy, + nzaz)sm< 2), [2]

whereo,, o,, ando, are the three Pauli matrices. The two
consecutive rotations by 980 can be calculated readily,

[cos(i) —i(nyoy, + nzaz)sin(g)]

¢ . [
X [cos<2> —i(nyoy + nzaz)sm(z)]
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FIG. 2. The excitation profile ¥MZ(A/f,) + MZ(A/f,)) simulated with
the Bloch equations for a single 9pulse (a), a composite pulse of;@Q, (b),
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where the effective rotation angle= (V2 + A%/f,) X 90°,

the three components of the unit vector n, = n, =

fUVE2 + A% n, = A/VE2 + A% andA is the offset.
Equation [3] shows that the coefficients of and o, are

a composite pulse of §990090°, (c), and a composite pulse of

99690, 9¢, (d).
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200 1 a THE *270” WET SEQUENCE USING A 270° PULSE
150 1
100 9 The WET sequence (Fig. 1) is an efficient water suppressic
58 1 scheme, which is able to reduce the water signal to the order
-50 3 107°. In the sequence, a selective RF pulse is applied to rots
‘o -100 1 the water magnetization to the-y plane. A strong pulse field
%’D -150 gradient along the axis is then followed, which dephases the
3 "200 Frrrmrmrr magnetization in the—y plane. The small remaining com-
o 2003 ponent magnetization is further reduced by the other three pa
g 150 b of the selective pulses and pulse field gradients. In order
é 128 f / reduce the effects of the inhomogeneity of the RF pulse and tl
0_' spin—lattice relaxation of the sample, the four selective R
-50 3 pulses have different rotation angle®.(The four pulse field
-100§ gradients also have different strengths to avoid gradie
I;ﬁg'?,,. e echoes.

2 -16 12 -08 04 O

A/f1

04 08 12 16

2

We used four scans in the “270” WET sequence. In the fir:
three scans, a hard 90° pulse is used as usual. In addition to
desired signals, it also accumulates three times the resid
water that experiences a much smaller flip angle. In the four!

FIG. 3. The phases of the excitation profiles by a single 90° pulse (a) asgan, a 270° pulse, which replaces the 90° pulse and has
by a composite pulse $80,90°,90, (b). A nonlinear phase distortion with a gpposite phase, is then substituted without changing the r
phase inversion at each null excitation point is introduced by the compos&giver phase. It yields the same desired signals as the 90° pu

pulse.

By setting the coefficient ofr, equal to zero, we found

another equation,

201+ A% =tan({1+ A? X 45°),

with a solution of A = A,/f, = 0.5475. Forthis particular

[5]

does under strong pulse conditions. In addition, it also yielc
three times the intensity of the residual water under the linea
ity condition since the pulse is three times longer than the 9(
pulse. The fourth FID is then added to the previous three FID
The desired signals are added but the residual water is st
tracted.

EXPERIMENTAL

The experiments were performed on a Varian Unit-Plu

offsetA,, the composite rotation is around an axis in tag 750-MHz NMR instrument with a sample of 1.3 mM chicken
plane having a 45° phase with respect toxhexis. Similarly, €gg white lysozyme in 90% }©/10% D,O at 25°C.
one can show that the combined rotation by the second pair ofigure 4a shows a spectrum obtained using a normal WE
pulses has an opposite rotation axis but the same rotation arfiguence (Fig. 1) with a single 90° recording pulse. Th
as the first combined rotation for this particular offdgt After ~ spectrum is accumulated four times with CYCLOPS phas
the four pulses the overall rotation faw, is then zero, leading cycling (10). A strong broad residual water remains in the
to a second null point that again agrees well with the resuiddle of the spectrum due mainly to the residual water and tf
from the Bloch equations (Fig. 2d). radiation damping effectl], a problem of increasing concern
The second null poink, is located on the side oppositedg at very high fields.
and is near to on resonance. It is therefore more noticeable inThe residual water is reduced dramatically as shown in Fi
experiments, especially at high magnetic fields where the s#® by using the composite 880/90°,9¢, pulse @), which
nals have a higher frequency dispersion. de-excites the water molecules experiencing a small flip angl
Due to off-resonance symmetry, one can show that the tWd€ remaining water is also much narrower since the residu
null points atA, andA, change positions if the composite puls&vater away from the center region of the RF coil that tends t
alters its relative phases from a phase counterclockwise cdpg-shifted by the inhomogeneity of the magnetic field is pal
posite pulse 9®0,90°,90°, to a clockwise composite pulsetially eliminated. Therefore, some peaks close to the water a
90,90 ,90”,90. partially resolved. However, the peaks suffer severe loss
The composite pulse also introduces a nonlinear phase digensities toward the null point @&, = 0.5475,." In addi-
tortion as shown in Fig. 3, which cannot be corrected by a
first-order phase correction. In addition, a phase inversion. During the course of our study, a similar result was also reported inde

occurs at ea(?h null’ point (_Figs- 2_a 3), which is a genergbndently by Dr. Stephen H. Smalicombe (Varian NMR Instruments) at th
phenomenon in NMR and will be discussed elsewhere. 1999 Varian users meeting in Orlando.
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suppression of multiple lines. Figure 5a is the proton spectru

a of 1-octene with some impurities, which needed to be ident
fied. To see the smaller peaks the main 1-octene peaks have
be suppressed. It can be achieved by using five frequenc
shifted @) selective pulses linked sequentially rather than usin

a single selective pulse suppressing multiple lines simult:
b neously that may introduce severe interference leading to
poor suppression. The relative intensities of some impurit
peaks are enhanced significantly as shown in Fig. 5b.

CONCLUSIONS

The residual water, which experiences a much smaller fli
angle under normal pulse strength, can be treated as a lin

M’MMNWVW JL\ system under RF pulse excitation. It can be reduced drama
cally by the “270” WET sequence. The composite puls

90;90/90°,90”,, which de-excites the water molecules expe

d riencing a small flip angle, also reduces residual water consi
erably. However, it causes a severe intensity loss toward t
second null poinA, = 0.5475, introduced by cancellation of

MWM J the two composite rotations around the two opposite axes in tl

o s T T em T aeas ag ae %=y plane. Another null excitation point &, caused by the
two composite rotations around tlzeaxis is further from on

FIG. 4. Spectra of lysozyme obtained using the WET sequence with a 902 . . . . .
recording pulse (a), with a composite pulseIGOF 90", (b), with a Pesonance and it usually causes less intensity distortion. T

composite pulse 900°,90°,9G, (c), and with a 90° pulse (the first three (WO Nnull points are nonsymmetric with respect to the on resc
scans) and a 270° pulse (the fourth scan; “270” WET) (d). All the spectra di@nce due to the different origins as discussed above. T
carefully and separately phased. The full scale of water regions of the codeeations ofA; andA, will change if the relative phases of the
sponding spectra are shown on the right. All the selective pulses ha"%@mposite pulse alter from counterclockwise to clockwise

Gaussian shape with pulse widths of 8.29, 10.33, 7.06, and 16.4 ms, w - - : - -
correspond to flip angles of 81.4°, 101.4°, 69.3°, and 161.0°, respectively. The ving the Intensity loss from the downfield to the Upﬂeld

four-pulse field gradient width is 2 ms and strengths are 30, 15, 7.5, and 3region. Since both null points are proportlonal to the RF fiel

Gl/cm, respectively. The last 90° pulse width is 2.8 and the corresponding
pulse strength; = 34.3 kHz.

tion, the baseline of the spectrum is also partially distorted
toward the null.

Figure 4c shows the spectrum obtained by the phase clock-
wise composite pulse 990°,90°,90). The intensity loss is
shifted to the upfield region since the two null poidtsandA,
change their locations as discussed above.

The “270” WET spectrum obtained with a 270° pulse in the
fourth scan is shown in Fig. 4d. The residual water is reduced
as dramatically as in the composite pulse sequence but the
desired signal intensities and the baseline of the spectrum are M b
comparable to the results by the single 90° pulse (Fig. 4a).

The excitation profile generated by the 270° pulse has two
symmetric null points located ak, = —A; = 0.8819,,
which are further from on resonance than that in the composite b
pulse and will cause less reduction in the signal intensity. In
addition, the 270° pulse introduces a smaller baseline distortion ——— 1
than that by the composite pulse. Besides, the distortion hass 6 5 4 3 2 1 ppm
qnly one-fourth the effeCt on the final af:cumulated Sp(:"CtrumFIG. 5. Proton spectrum of 1-octene with some impurities (a). The peak
since the 270° pulse is used only once in every four scanSfom the impurities are enhanced by the “270" WET sequence with fiv

As an application of the “270” WET sequence we showequency-shifted selective pulses linked sequentially (b).
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strengthf,, the intensity distortion, in theory, can be alleviated Our “270” WET method for suppressing residual water ma
by using a RF field of sufficient strength and moving the twbe used in multidimensional experiments where substanti
null points further outside of the spectral window. However, aesidual water signals are excited by the last 90° pulse and t
very high fields this becomes problematic. In addition, theceiver phases are synchronized with the phase of the I
composite pulse §90,90°,90”, also introduces baseline dis pulse.
tortion.
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