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Hadamard Excitation Sculpting
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An approach to Hadamard phase encoding and editing in an
excitation sculpting experiment is presented. When band- and/or
frequency-selective experiments are performed at more than one site
using excitation sculpting, use of Hadamard excitation sculpting
(HEX sculpting) will reduce the total measuring time to achieve
a target S/N. The application of HEX sculpting is demonstrated
using selective 1D and NOESY1D experiments. C© 2001 Academic Press
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NOESY1D; multiple-selective excitation; DPFGSE.
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INTRODUCTION

Excitation sculpting (1) is a powerful selective excitation ex-
eriment and probably the most efficient way to achieve sele

ivity in a NMR experiment, since it associates very clean fre
uency selection with “user-friendliness.” Excitation sculpting
produced by the application of a double pulse field gradien

pin-echo sequence (DPFGSE) as shown in Fig. 1A. Selecti
xcitation using a DPFGSE train requires no additional phase c
ling. The magnetization returns to its starting position at the en
f the DPFGSE train, the excitation profile depending only on th
version profile of the band-selectiveπ pulses (S1 andS2). The
hase of the magnetization is unaffected and the amplitude of t
agnetization is scaled by the inversion profile of theπ pulses
nd by loss due to relaxation during the spin echo. Single o
ultiple frequencies or bands can be simultaneously sculptur
y employing appropriate “multiple-frequency”-shifted laminar
ulses (SLP pulses) (2). In exciting a multiplet, the DPFGSE
efocuses the evolution of scalar coupling. However, couplin
etweenspins that are within the selected band(s) are not re

ocused. These advantages were quickly appreciated, and
PFGSE method has recently enjoyed undeniable success
oth frequency-selective 1D experiments such as NOESY1
nd band-selected 2D experiments (3–9). While the 1D (or band-
elective 2D) variations of two-dimensional experiments affor
pectral simplification by focusing on the resonance(s) of inte
st, it is typically argued that two-dimensional spectroscopy a

ords much higher sensitivity since it benefits from the multiplex
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vantage, gathering information about all correlations simulta
ously. Gathering information fromN simultaneous measure-

ents is more efficient in terms of sensitivity than performing
single experiments one after another (9). Freeman and co-

orkers (10, 11) recently pointed out that the strategy of simul-
neous multisite excitation, where employing a coding schem
sed on Hadamard matrices (12) can substantially reduce the

tal measuring time to achieve a targetS/N. This principle
as effectively used in the measurement of long-range proton
rbon coupling constants (13, 14). In this communication we
scribe the implementation of Hadamard encoding in DPFGS
periments (Hadamardexcitation sculpting—HEX sculpting)
d demonstrate its application in NOESY1D experiments.

RESULTS AND DISCUSSION

In Fig. 2 the results of single- and multiple-frequency exci-
tion sculpting (using the pulse sequence in Fig. 1A) are pre
nted. In a typical application of excitation sculpting the two
lective pulses (S1 andS2) are kept to be the same. However,
was pointed out by Shaka and co-workers in their article (1),

is needs not be the case. In a two-site excitation sculpting on
pically generates a “double-frequency” shifted laminar inver-
on pulse with the resultant shape being the linear combinatio
the “single-frequency” shifted pulses. If the nominal phase
5) of the two single-frequency shifted pulses is the same (say
, then one generates a double-frequency shifted pulse (Sxx)
at effects the RF event (inversion/refocusing) about the sam
is (i.e.,x axis) for both sites. If the nominal phase of the
o single-frequency shifted pulses are quadrature shifted from
e another (x and y), then one generates a double-frequency
ifted pulse (Sxy) that effects the RF event about thex axis for
e frequency and they axis for the second frequency. The resul-

nt effect of theSxx andSxy inversionpulses will be academic
d for all practical purposes will generate the same inversio
ofile at both frequencies. However the effects ofSxx andSxy

focusingpulses (as in a spin echo—or gradient spin echo) are
early different. While spin echo using theSxx pulse generates
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FIG. 1. Pulse sequences for (A) the double PFG spin echo and (B) HEX-NOESY1D. Vertical lines represent 90◦ pulses. The band-selective pulses aπ
pulses. The PFG echo times are set to minimum values to accommodate the gradient pulses, the band-selective pulses, and the gradient recovery dSequen

(A) does not include any basic phase cycling. The phase cycling used for sequence (B) isφ2 = x, y, φ3 = x, x, y, y andφ4 = x,−x,−x, x. In addition a four-step
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Cyclops is introduced independently onφ1, φ2, andφ3 with appropriate pha
are set in the ratio of 0.02 : 0.58 : 0.4.

in-phase echos for the two frequencies, theSxy pulse will gen
ate anti-phase echos for the two frequencies. Since the ex
sculpting train involves a “double” spin echo, use of eithSx

or Sxy in the place ofboth S1 and S2 will generate the sa
in-phase echoes for the two frequencies. However the ex
sculpting achieved withS1 = Sxx andS2 = Sxy (or S1 = Syy an
S1 = Sxy) would have the two frequencies anti-phase w
spect to each other (Figs. 3d, 3e). One can treat these two
(S1 = Sxx, S2 = Sxx andS1 = Sxx, S2 = Sxy) as the compon
of a HadamardH2 matrix generating 1(+)2(+) and 1(+)2(−) spe
tra, where (+) and (−) represent the positive and negative p
respectively, for the selected bands. Addition and subtrac
these two will now generate two subspectra that haveonlyband
or band 2, respectively (Figs. 3f, 3g). The addition (or su
tion) of the two spectra in Figs. 3d and 3e increases the
intensity by a factor of 2, while the noise is increased onl

square root of 2, thus resulting inS/N being increased by t
square root of 2. For comparison, single-frequency select
spectra acquired under identical experimental conditions
DPFGSE are presented in Figs. 3b and 3c. One can exte
se shift of the receiver. Phases not shown are along thex axis. The delaysα, β, andγ

r-
itation
r

e
itation
d
h re-
spectra
nt
-
ase,

tion of
1
trac-
signal
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principle to four bands and generate four spectra with tS1

pulse being the same (Sxxxx) in all four cases, while theS2 puls
is set toSxxxx, Sxxyy, Sxyxy, and Sxyyx. The four spectra w
have relative phases representative of a HadamardH4 matrix
(Figs. 4e–4h) and can be “edited” by appropriate linear co
nation (Figs. 4j–4m). The spectra in Figs. 4j–4m were g
ated as follows: 4l=4e+ 4f+ 4g+ 4h; 4k=4e+ 4f− 4g− 4h
4l= 4e− 4f+ 4g− 4h; and 4m= 4e− 4f− 4g+ 4h. Again, fo
comparison single-frequency selected DPFGSE spectra a
sented in Figs. 4a – 4d. The four HEX sculptured spec
Figs. 4e–4h were acquired over 8 scans each and the
frequency excitation sculptured spectra in Figs. 4a–4d
also acquired over 8 scans, each under identical acqu
conditions. TheS/N gain achievable using HEX sculpt
followed by Hadamard editing compared to individual ex
iments done over the same total experiment time is c
evident.
ed 1D
using
nd this

To explore the applicability of HEX sculpting in typical 1D
experiments we investigated the HEX-sculptured NOESY1D
pulse sequence (7) shown in Fig. 1B. The NOESY1D results



1

m
t

u
p
t
5
g
u
G
i
i
s
s
to
46 COMMUNICATIONS
FIG. 2. Single- and multiple-frequency selected DPFGSE spectra of strychnine in CDCl3. (a) High-resolution reference spectrum, and (b–h) single- or
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ultiple-frequency selected 1D spectra obtained using the pulse sequence in
o invert the selected resonance(s). All spectra were acquired with eight scan

sing a sample of strychnine (10 mg/0.75 ml of CDCl3) are
resented in Figs. 5 and 6. Four representative resonances (c

ered at 8.11, 6.05, 3.92, and 1.54 ppm with bandwidths of 5
5, 45, and 50 Hz, respectively) were selected for this invest
ation. In Figs. 5a–5d are 1D NOESY spectra of the individ
al resonances. In each case both theS1 andS2 pulses are Q3
aussian cascade (16) applied as a single-frequency shifted lam-

nar pulse with appropriate phase ramp to generate off-resonan
nversion. A 500-ms nOe mixing time was used. Unedited HEX

S
q
f
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a
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culptured NOESY1D spectra for these four resonances are pr
ented in Figs. 5e–5h. These were collected with theS1 pulse set

Sxxxx and theS2 pulse set toSxxxx (Fig. 5e),Sxxyy (Fig. 5f),

na
sp
5g
Fig. 1A. The band-selectiveπ pulses (S1 = S2) are Q3 pulses with phase modulation
each.

n-
,

e

e-

yxy (Fig. 5g), orSxyyx (Fig. 5h). The shapeSxxxx represents a
adruple-frequency shifted laminar Q3 Gaussian cascade pul

r generating simultaneous inversion at the four off-resonanc
quencies with the nominal phase of all four being along thex
is. The other three shapes (Sxxyy, Sxyxy, andSxyyx) are identical
theSxxxx shape except for the nominal phase of the individua
ase ramp. All four spectra (5e–5h) have nOe peaks from a

ur selected resonances except the phase of the nOe peaks fr
ch resonance is differently coded. Appropriate linear comb
tion of these will result in sorting out the individual sets. The

ectra in Figs. 5j–5m were generated as follows: 5j= 5e+ 5f+
+ 5h; 5k= 5e+ 5f − 5g− 5h; 5l= 5e− 5f + 5g− 5h;



) single-
trum

difference
cy

ed
COMMUNICATIONS 147

FIG. 3. Double-frequency selected HEX (Hadamardexcitation) sculpted spectra of strychnine in CDCl3. (a) High-resolution reference spectrum, (b, c
frequency selected DPFGSE spectra withS1 = S2, (d) double-frequency selected HEX spectrum withS1 = S2 = Sxx, (e) double-frequency selected HEX spec
with S1 = Sxx andS2 = Sxy, (f) Hadamard-edited spectrum resulting from the sum of (d) and (e), and (g) Hadamard-edited spectrum resulting from the
of (d) and (e). The selective 1D spectra were obtained using the pulse sequence in Fig. 1A. The band selectiveπ pulses (S1 andS2) are single- or double-frequen
shifted laminar Q3 pulses.Sxx andSxy represent that the nominal phase of the two frequency-shifted waveforms are either in-phase (x andx) or quadrature shift

(x andy) with respect to each other, respectively. All selective excitation spectra were acquired with eight scans each. A 1.0-ppm noise region from each spectrum
is further expanded.
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FIG. 4. Quadruple-frequency selected HEX-sculpted spectra of strychnine in CDCl3. (a–d) Single-frequency selected DPFGSE spectra withS1 = S2, (e–h)
uadruple-frequency selected HEX spectra withS1 = Sxxxx and S2 = Sxxxx, Sxxyy, Sxyxy, and Sxyyx, and (j–m) Hadamard-edited spectra resulting from an
ppropriate linear combination of the spectra in (e–h). The spectra were obtained using the pulse sequence in Fig. 1A. The band-selectiveπ pulses (S1 andS2)

re frequency-shifted laminar Q3 pulses.Sxxxx, Sxxyy, Sxyxy, andSxyyx represent that the nominal phase of the quadruple-frequency shifted waveforms are either
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-phase (x andx) or quadrature shifted (x andy) with respect to each other. All
pectrum is further expanded.

nd 5m= 5e− 5f − 5g+ 5h. It should be noted that the total
xperiment time for the spectra in 5a–5d is same as that for t
pectra in 5e–5h. As expected the “edited” spectra in 5j–5
hows anS/N improvement over the “individual” spectra in
a–5d by a factor of 2 (square root of 4). In other words, t
each the sameS/N as in the “edited” HEX-NOESY1D, the
ingle-frequency selected NOESY1D experiments must be ru
our times longer. For comparison purposes, single-frequen
elected NOESY1D spectra with the number of scans in ea
ase increased by a factor of 4 were collected. In Fig. 6, the
esults (6j–6m) are compared to the HEX-edited NOESY1D
xperiments (6e–6h) . TheS/N of the edited HEX-NOESY1D
ollected over a total experiment time of 18 min is compara
le to that of the individual experiments collected over a tota
xperiment time of over 1 h.

EXPERIMENTAL

All spectra were recorded at 25◦C on a Varian Unity INOVA
00-MHz NMR spectrometer equipped with a Programmabl
ulse Modulator in the proton channel and a gradient acce
ory and using a 1H{X} indirect detection probe. All nonselec-
ive rectangular pulses were of 9.7µs duration. The nonselec-
ive broadband inversion pulses during the mixing time in th
OESY1D sequence are unshifted hyperbolic secant pulses
.5 ms duration. The band-selectiveπ pulses (S1 andS2) in the
PFGSE train are Gaussian cascade Q3 pulses with appropri
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hase modulation(s) to shift the center(s) of the inversion pro
le(s) to the required offset(s) as noted in the figure captions
ll shaped pulses were generated using the Pandora’s Box pul

tio
o
fe
pectra were acquired with eight scans each. A 1.0-ppm noise region from e

e

n
y
h
e

-

of

te

aping program (17) available in Varian NMR software. The
radients were rectangular shaped. Their amplitudes were set
1 : G2 : G3 : G4 : G5= 2 : 10 : 2 : 2 : 2G/cm while the durations
ere set to G1 : G2 : G3 : G4 : G5=0.5 : 0.5 : 5 : 1 : 2 ms. Allgra-
ients were followed by a 500-µs gradient recovery delay. All
OESY1D spectra were acquired with a 500-ms nOe mixing

e. All spectra were collected with a spectral width of 8 kHz
ntered at a 5-ppm proton chemical shift and transformed with

ut any sensitivity or resolution enhancement. The Hadamar
diting was done by appropriate addition or subtraction of the
IDs before transformation. During the transformation of each
f the HEX-edited NOESY1D spectra (in Figs. 5 and 6), a 10-Hz
igital filter was used at the other three frequencies to suppres
ispersive artifacts (typically< 0.5%) due to improper cancel-
tion. All spectra (in Figs. 3–6) were plotted with the vertical
aling factor adjusted to the same noise amplitude to allow di
ct comparison of the signal height. However, the noise inset

n Figs. 3–6) are plotted in absolute intensity scale for direct
mparison of the noise level.

CONCLUSION

The DPFGSE-NOE experiment is for all practical purposes
perior to the conventional steady-state difference method (1
provides the sensitivity of the conventional steady-state spec
um but has none of the subtraction artifacts evident in the
tter. The HEX-NOESY1D experiment, however, is a cancella-

-
.
se

n experiment and thus to some extent reduces the advantages
f the DPFGSE-NOE experiment over the traditional nOe dif-
rence experiment. We find this limitation to be minimal (the



ig. 1B with
d
Fig. 1

uple-
g
4 scan.
COMMUNICATIONS 149

FIG. 5. HEX-NOESY1D spectra of strychnine in CDCl3. (a–d) Single-frequency selected DPFGSE-NOE spectra using the pulse sequence in F
S1 = S2, (e–h) quadruple-frequency selected HEX-NOESY1D spectra withS1 = Sxxxx andS2 = Sxxxx, Sxxyy, Sxyxy, andSxyyx, and (j–m) Hadamard-edite
NOESY1D spectra resulting from an appropriate linear combination of the spectra in (e–h). The spectra were obtained using the pulse sequence inB. The
band-selectiveπ pulses (S1 andS2) are frequency-shifted laminar Q3 pulses.Sxxxx, Sxxyy, Sxyxy, andSxyyx represent that the nominal phase of the quadr
frequency shifted waveforms are either in-phase (x andx) or quadrature shifted (x andy) with respect to each other. The nonselectiveπ pulses during the mixin
time are unshifted hyperbolic secant broadband inversion pulses of 1.5 ms duration. All spectra were acquired with a 500-ms nOe mixing time and 6s each

The total acquisition time for all four HEX-NOESY1D spectra (e–h) was 18 min (4.5 min each). The single-frequency selected DPFGSE-NOE spectra (a–d) were

eaksd

this
collected under conditions identical to those of the HEX-NOESY1D spec
with an asterisk (∗) as well as the “selected” resonances are truncated.

maximum residual cancellation artifact we observed is<0.5%

as any improper cancellation artifact, for all practical purp
is restricted to the “main” resonances that are cancele
ing the Hadamard addition/subtraction. The ability to intro

ental
tra and the total experiment time for all four was 18 min (4.5 min each). The pmarke

)
oses,

Hadamard encoding in excitation sculpting, as shown in
report, thus provides a way to decrease the total experim
d dur-
duce

time when selective 1D experiments on more than one resonance
is to be performed. We are further exploring ways to exploit
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FIG. 6. Comparison of HEX-edited NOESY1D spectra of strychnine in CDCl3 with DPFGSE-NOE spectra collected with one frequency selection at a
he traces in (a–d) are the same as those shown in Figs. 5a–5d. These were acquired with a 500-ms mixing time and 64 scans each with a total acquisition te of 18
in (4.5 min each). The traces in (e–h) are HEX-edited NOESY1D spectra generated using Hadamard editing of HEX-NOESY1D spectra shown in Figs.
hese were also acquired with a 500-ms mixing time and 64 scans each with a total acquisition time of 18 min (4.5 min each). The traces in (j–m) are DPFGSNOE

pectra collected with one frequency selection at a time. The experimental pa
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cans, each with a total acquisition time of 72 min (18 min each). The peaks m
eight. A 1.0-ppm noise region from each spectrum is further expanded.

he HEX-sculpting technique in two-dimensional experiments t
prove resolution/sensitivity and/or reduction in experimenta

ime. These results will be reported elsewhere.
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