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An approach to Hadamard phase encoding and editing in an  advantage, gathering information about all correlations simulta
excitation sculpting experiment is presented. When band- and/or  neously. Gathering information froM simultaneous measure-
frequency-selective experiments are performed atmore thanonesite  ments is more efficient in terms of sensitivity than performing
using excitat_ion scglpting, use of Hadamard (_excitgtion sculp_ting N single experiments one after anoth@y. (Freeman and co-
(HEX sculpting) will re_duc_e the total measuring _tlme to achieve workers (L0, 11 recently pointed out that the strategy of simul-
a target S/N. The application of HEX sculpting is demonstrated taneous multisite excitation, where employing a coding schem

using selective 1D and NOESY1D experiments. © 2001 Academic Press . .
Key Words: excitation sculpting; Hadamard spectroscopy: based on Hadamard matriced®?( can substantially reduce the

NOESY1D; multiple-selective excitation: DPFGSE. total measuring time to achieve a targ®N. This principle
was effectively used in the measurement of long-range proton

carbon coupling constant4d, 14. In this communication we
describe the implementation of Hadamard encoding in DPFGS
experiments lladamardexcitation sculpting—HEX sculpting)

Excitation sculpting{) is a powerful selective excitation ex-and demonstrate its application in NOESY1D experiments.
periment and probably the most efficient way to achieve selec-
tivity in a NMR experiment, since it associates very clean fre- RESULTS AND DISCUSSION
guency selection with “user-friendliness.” Excitation sculpting
is produced by the application of a double pulse field gradientin Fig. 2 the results of single- and multiple-frequency exci-
spin-echo sequence (DPFGSE) as shown in Fig. 1A. Selectiaéion sculpting (using the pulse sequence in Fig. 1A) are pre
excitation using a DPFGSE train requires no additional phase egnted. In a typical application of excitation sculpting the two
cling. The magnetization returns to its starting position at the esdlective pulses, and S,) are kept to be the same. However,
ofthe DPFGSE train, the excitation profile depending only on tlkees was pointed out by Shaka and co-workers in their artigle (
inversion profile of the band-selectiwepulses § andS;). The this needs not be the case. In a two-site excitation sculpting or
phase of the magnetization is unaffected and the amplitude of tiipically generates a “double-frequency” shifted laminar inver-
magnetization is scaled by the inversion profile of thpulses sion pulse with the resultant shape being the linear combinatio
and by loss due to relaxation during the spin echo. Single o the “single-frequency” shifted pulses. If the nominal phase
multiple frequencies or bands can be simultaneously sculptui@é) of the two single-frequency shifted pulses is the same (sa
by employing appropriate “multiple-frequency”-shifted laminaxk), then one generates a double-frequency shifted psg (
pulses (SLP pulsesp). In exciting a multiplet, the DPFGSE that effects the RF event (inversion/refocusing) about the sarr
refocuses the evolution of scalar coupling. However, coupliraxis (i.e.,x axis) for both sites. If the nominal phase of the
betweerspins that are within the selected band(s) are not revo single-frequency shifted pulses are quadrature shifted fror
focused. These advantages were quickly appreciated, anddhe anotherX andy), then one generates a double-frequency
DPFGSE method has recently enjoyed undeniable successtifted pulse §,) that effects the RF event about tkexis for
both frequency-selective 1D experiments such as NOESY He frequency and theaxis for the second frequency. The resul-
and band-selected 2D experimer@s®. While the 1D (or band- tant effect of theSx and S,y inversionpulses will be academic
selective 2D) variations of two-dimensional experiments afforhd for all practical purposes will generate the same inversio
spectral simplification by focusing on the resonance(s) of intggrofile at both frequencies. However the effectsSpf and S,y
est, itis typically argued that two-dimensional spectroscopy akfocusingpulses (as in a spin echo—or gradient spin echo) ar
fords much higher sensitivity since it benefits from the multipleglearly different. While spin echo using ti8y pulse generates
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FIG. 1. Pulse sequences for (A) the double PFG spin echo and (B) HEX-NOESY1D. Vertical lines représpots@8. The band-selective pulses are
pulses. The PFG echo times are set to minimum values to accommodate the gradient pulses, the band-selective pulses, and the gradient reSegeigndelays
(A) does notinclude any basic phase cycling. The phase cycling used for sequencg(B)5s Y, ¢3 = X, X, Y, y andgs = X, —X, —X, X. In addition a four-step
Cyclops is introduced independently ¢p, ¢, and¢sz with appropriate phase shift of the receiver. Phases not shown are aloxngstie The delays, 8, andy
are set in the ratio of 0.02:0.58:0.4.

in-phase echos for the two frequencies, Sagpulse will gener- principle to four bands and generate four spectra withShe
ate anti-phase echos for the two frequencies. Since the excitapofse being the sam&(y«y) in all four cases, while th&, pulse
sculpting train involves a “double” spin echo, use of eitBgr is set t0Sxxx, Sixyyr Skyxy, and Syyx. The four spectra will

or S,y in the place ofboth § and S will generate the same have relative phases representative of a Hadarrarchatrix
in-phase echoes for the two frequencies. However the excitatigiigs. 4e—4h) and can be “edited” by appropriate linear combi
sculpting achieved with, = SixandS, = Sy (orS, = Syyand nation (Figs. 4j-4m). The spectra in Figs. 4-4m were gener
S = Sy) would have the two frequencies anti-phase with reted as follows: 4= 4e+ 4f + 49+ 4h; 4k= 4e+ 4f — 49— 4h;
spectto each other (Figs. 3d, 3e). One can treat these two spetitetade— 4f + 4g— 4h; and 4m= 4e— 4f — 4g + 4h. Again, for

(S = S, & = Sxand$§, = S, S = Syy) as the component comparison single-frequency selected DPFGSE spectra are pr
of a Hadamardd, matrix generating 4,24y and ky2_) spec- sented in Figs. 4a—4d. The four HEX sculptured spectra ir
tra, where (+) and-) represent the positive and negative phasEjgs. 4e—4h were acquired over 8 scans each and the singl
respectively, for the selected bands. Addition and subtractionfefquency excitation sculptured spectra in Figs. 4a—4d wer:
these two will now generate two subspectra that lnengband 1 also acquired over 8 scans, each under identical acquisitio
or band 2, respectively (Figs. 3f, 3g). The addition (or subtracenditions. TheS/N gain achievable using HEX sculpting
tion) of the two spectra in Figs. 3d and 3e increases the sigfallowed by Hadamard editing compared to individual exper-
intensity by a factor of 2, while the noise is increased only byiments done over the same total experiment time is clearl
square root of 2, thus resulting By N being increased by the evident.

square root of 2. For comparison, single-frequency selected 1Dlo explore the applicability of HEX sculpting in typical 1D
spectra acquired under identical experimental conditions usiegperiments we investigated the HEX-sculptured NOESY 1L
DPFGSE are presented in Figs. 3b and 3c. One can extend thitse sequencer) shown in Fig. 1B. The NOESY1D results
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FIG. 2. Single- and multiple-frequency selected DPFGSE spectra of strychnine in CDCI3. (a) High-resolution reference spectrum, and (b—h) sin
multiple-frequency selected 1D spectra obtained using the pulse sequence in Fig. 1A. The band-sgtetsee § = ) are Q3 pulses with phase modulation
to invert the selected resonance(s). All spectra were acquired with eight scans each.

using a sample of strychnine (10 mg/0.75 ml of CDCI3) ar8yxy (Fig. 59), orS.yyx (Fig. 5h). The shap&xx represents a
presented in Figs. 5 and 6. Four representative resonances (gerdruple-frequency shifted laminar Q3 Gaussian cascade pul
tered at 8.11, 6.05, 3.92, and 1.54 ppm with bandwidths of 6y generating simultaneous inversion at the four off-resonanc
55, 45, and 50 Hz, respectively) were selected for this investiequencies with the nominal phase of all four being alonghe
gation. In Figs. 5a-5d are 1D NOESY spectra of the individixis. The other three shap&{yy, Siyxy, andS;yyy) are identical
ual resonances. In each case both$hand S, pulses are Q3 to theSxxx Shape except for the nominal phase of the individua
Gaussian cascad®f) applied as a single-frequency shifted lamphase ramp. All four spectra (5e-5h) have nOe peaks from a
inar pulse with appropriate phase ramp to generate off-resonafa# selected resonances except the phase of the nOe peaks fr
inversion. A 500-ms nOe mixing time was used. Unedited HEXeach resonance is differently coded. Appropriate linear combi
sculptured NOESY1D spectra for these four resonances are pration of these will result in sorting out the individual sets. The
sented in Figs. 5e-5h. These were collected witlSimilse set spectrain Figs. 5j—5m were generated as follows: 5g+ 5f +

to Sixxx and theS, pulse set tdS.xxx (Fig. 5€),Scxyy (Fig. 5f), 59+ 5h; 5k= 5e + 5f — 5g — 5h; 5| = 5e — 5f 4+ 5g — 5h;
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FIG.3. Double-frequency selected HEX&damaraxcitation) sculpted spectra of strychnine in CDCI3. (a) High-resolution reference spectrum, (b, c) singl
frequency selected DPFGSE spectraVith= S, (d) double-frequency selected HEX spectrum vBih= S, = Sy, (€) double-frequency selected HEX spectrum
with § = Sx and$, = Sy, (f) Hadamard-edited spectrum resulting from the sum of (d) and (e), and (g) Hadamard-edited spectrum resulting from the diffel
of (d) and (e). The selective 1D spectra were obtained using the pulse sequence in Fig. 1A. The bandselgisiases andS) are single- or double-frequency
shifted laminar Q3 pulse§x andS,y represent that the nominal phase of the two frequency-shifted waveforms are either inxgdnache) (or quadrature shifted
(x andy) with respect to each other, respectively. All selective excitation spectra were acquired with eight scans each. A 1.0-ppm noise region fretrueach sy
is further expanded.
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FIG. 4. Quadruple-frequency selected HEX-sculpted spectra of strychnine in CDCI3. (a—d) Single-frequency selected DPFGSE sctraSpiile—h)
quadruple-frequency selected HEX spectra vBih= Sixxx and S = Scxxx, Skxyy: Skyxy and Sxyyx, and (j-m) Hadamard-edited spectra resulting from an
appropriate linear combination of the spectra in (e—h). The spectra were obtained using the pulse sequence in Fig. 1A. The bandmdsadi@e and S)
are frequency-shifted laminar Q3 puls&€gxxx, Skxyy: Skyxy: andScyyx represent that the nominal phase of the quadruple-frequency shifted waveforms are eit
in-phase X andx) or quadrature shiftedk(andy) with respect to each other. All spectra were acquired with eight scans each. A 1.0-ppm noise region from e
spectrum is further expanded.

and 5m= 5e — 5f — 5g + 5h. It should be noted that the totalshaping programi(7) available in Varian NMR software. The
experiment time for the spectra in 5a—5d is same as that for tiradients were rectangular shaped. Their amplitudes were set
spectra in 5e-5h. As expected the “edited” spectra in 5j-581:G2:G3:G4:G5=2:10:2:2:2G/cm while the durations
shows anS/N improvement over the “individual” spectra inweresettoG1:G2:G3:G4:G50.5:0.5:5:1:2ms. Aljra-
5a-5d by a factor of 2 (square root of 4). In other words, wients were followed by a 500s gradient recovery delay. All
reach the sam&/N as in the “edited” HEX-NOESY1D, the NOESY1D spectra were acquired with a 500-ms nOe mixing
single-frequency selected NOESY1D experiments must be riime. All spectra were collected with a spectral width of 8 kHz
four times longer. For comparison purposes, single-frequenogntered at a 5-ppm proton chemical shift and transformed with
selected NOESY1D spectra with the number of scans in eamlit any sensitivity or resolution enhancement. The Hadamar
case increased by a factor of 4 were collected. In Fig. 6, thesgiting was done by appropriate addition or subtraction of the
results (6j—6m) are compared to the HEX-edited NOESY1BIDs before transformation. During the transformation of eact
experiments (6e—6h) . T8/ N of the edited HEX-NOESY1D of the HEX-edited NOESY 1D spectra (in Figs. 5 and 6), a 10-Hz
collected over a total experiment time of 18 min is comparatgital filter was used at the other three frequencies to suppre:
ble to that of the individual experiments collected over a totdispersive artifacts (typically 0.5%) due to improper cancel-

experiment time of over 1 h. lation. All spectra (in Figs. 3—6) were plotted with the vertical
scaling factor adjusted to the same noise amplitude to allow di
EXPERIMENTAL rect comparison of the signal height. However, the noise inset

(in Figs. 3-6) are plotted in absolute intensity scale for direc
All spectra were recorded at 25 on a Varian Unity INOVA comparison of the noise level.

500-MHz NMR spectrometer equipped with a Programmable
Pulse Modulator in the proton channel and a gradient acces- CONCLUSION
sory and using a 1£X} indirect detection probe. All nonselec-
tive rectangular pulses were of 9.8 duration. The nonselec- The DPFGSE-NOE experiment is for all practical purposes
tive broadband inversion pulses during the mixing time in theuperior to the conventional steady-state difference method (1
NOESY1D sequence are unshifted hyperbolic secant pulsedtgfrovides the sensitivity of the conventional steady-state spec
1.5 ms duration. The band-selectivepulses § andS) inthe  trum but has none of the subtraction artifacts evident in the
DPFGSE train are Gaussian cascade Q3 pulses with appropriatier. The HEX-NOESY 1D experiment, however, is a cancella:
phase modulation(s) to shift the center(s) of the inversion prigen experiment and thus to some extent reduces the advantag
file(s) to the required offset(s) as noted in the figure captions.the DPFGSE-NOE experiment over the traditional nOe dif-
All shaped pulses were generated using the Pandora’s Box puésence experiment. We find this limitation to be minimal (the
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FIG. 5. HEX-NOESY1D spectra of strychnine in CDCI3. (a—d) Single-frequency selected DPFGSE-NOE spectra using the pulse sequence in Fig. 1l
S = S, (e-h) quadruple-frequency selected HEX-NOESY1D spectra $fith: Scxxx and S = Sqxxx Skxyy: Skyxys andScyyx, and {—-m) Hadamard-edited
NOESY 1D spectra resulting from an appropriate linear combination of the spectra in (e—h). The spectra were obtained using the pulse sequé&ckhia Fig.
band-selectiver pulses § and$) are frequency-shifted laminar Q3 puls&xxx, Skxyy: Scyxy, and Scyyx represent that the nominal phase of the quadruple-
frequency shifted waveforms are either in-phasarfdx) or quadrature shiftedk(andy) with respect to each other. The nonselectiveulses during the mixing
time are unshifted hyperbolic secant broadband inversion pulses of 1.5 ms duration. All spectra were acquired with a 500-ms nOe mixing timesaedob¥ sca
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 speetra (a—c
collected under conditions identical to those of the HEX-NOESY 1D spectra and the total experiment time for all four was 18 min (4.5 min each).maepdaks
with an asterisk«) as well as the “selected” resonances are truncated.

maximum residual cancellation artifact we observed®5%) Hadamard encoding in excitation sculpting, as shown in this
as any improper cancellation artifact, for all practical purposeagport, thus provides a way to decrease the total experiment:
is restricted to the “main” resonances that are canceled dtime when selective 1D experiments on more than one resonan
ing the Hadamard addition/subtraction. The ability to introdude to be performed. We are further exploring ways to exploit
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Comparison of HEX-edited NOESY1D spectra of strychnine in CDCI3 with DPFGSE-NOE spectra collected with one frequency selection at a

The 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 aajui8ition
min (4.5 min each). The traces in (e-h) are HEX-edited NOESY 1D spectra generated using Hadamard editing of HEX-NOESY 1D spectra shown in Figs.
These 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) aNIHEPFGS
spectra collected with one frequency selection at a time. The experimental parameters are identical to those in Figs. 5a—5d, except thededveverceliéc

scans, each with a total acquisition time of 72 min (18 min each). The peaks marked with an asteidské€ll as the “selected” resonances are truncated in theil

height. A 1.0-ppm noise region from each spectrum is further expanded.

the HEX-sculpting technique in two-dimensional experiments t@. R. Kaiser,J. Magn. Resori5, 44 (1974).
improve resolution/sensitivity and/or reduction in experimentap. R. Freeman and V. Blecht@hem. Phys. Let215,341 (1993).

time. These results will be reported elsewhere.
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