Journal of Magnetic Resonant83,124-132 (2001)

o ®
doi10.1006/jmre.2001.2436, available onlatshttp:/www.idealibrary.com ol DE A1 v

Improved Resolution Using Symmetrically Shifted Pulses

Krish Krishnamurthy

Discovery Chemistry Research, Lilly Research Laboratories, Indianapolis, Indiana 45285

Received June 4, 2001; revised August 10, 2001; published online October 5, 2001

An approach to Hadamard phase encode the two halves of the
F1 dimension of a gHSQC experiment is presented. The phase
encoding is achieved by excitation sculpting of the F; dimension
using symmetrically shifted pulses. This approach (IMPRESS—

matrix (11-14). This provides a way to edit the spectra during
processing to sort out spectral crowding, which is a typical con
sequence of data sampling at a rate slower than that dictated |
the Nyquest theorem.

improved resolution using symmetrically shifted pulses) increases
the resolution of the F; dimension by exploiting spectral folding,
but the folding is coded in the fashion of a Hadamard H, ma-
trix. Editing of the IMPRESS spectra during processing sorts out
spectral crowding which is a typical consequence of F; spectral
folding. It is shown that for the same total experiment time, the
IMPRESS-gHSQC experiment provides narrower peaks along the
F1 dimension compared to the normal gHSQC experiment. As a
consequence of decreased linewidth, the peak height (sensitivity) is
also increased. © 2001 Academic Press

Key Words: excitation sculpting; HSQC; band-selective excita-
tion; DPFGSE; spectral editing; spectral folding.

RESULTS AND DISCUSSION

Excitation sculpting 15) is produced by the application of
a double pulse field gradient spin-echo sequence (DPFGSE)
shown in Fig. 1A. Excitation sculpting associates very clear
frequency selection with “user-friendliness” and hence has re
cently enjoyed undeniable success both in frequency-selectiy
1D experiments such as NOESY1D and in band-selected 2
experimentsg, 9, 16—19. In typical applications of excitation
sculpting the two selective pulseS @ndS,) are kept the same.
However, this need not be the case. For example, in a two-si
excitation sculpting we recently showelj that “in-phasé or
“anti-phasé echoes for the selected frequencies could be gen

Band-selective pulses have been used in multidimensioeaated by the appropriate selection®fand S, waveforms. If
NMR to select a desired spectral region in one or more dimefrand$; are set td5 (whereS,x is a double-frequency shifted
sions (—8). The reduction of the spectral width in one or morgvaveform which effects the refocusing RF event about the
dimensions improves the digital resolution achievable in the cho-axis for both frequency positions) one generates in-phas
sen dimension and reduces ambiguities in the resonance asségioes for the two frequencies. Alternately,Sf= S« and
ment procedure in a crowded spectral region. The reductiongp= S,y (where S,y is same asS., except that the refocusing
the evolution spectral width also shortens the measurement tiRié event is about thg-axis for the first frequency and about
of the experiment. The recent repo#) ©On the use of excita- the y-axis for the second frequency) one generates anti-phas
tion sculpting and PFGSE in band-selective HSQC and HMB&:hoes for the two frequencies. The two shaSgsandS,y are
experiment exploits this approach to increaseRheesolution. double-frequency shifted laminar puls@4)and differ only in
The obvious drawback of region-selective experiments is thae relative phase of the two phase ramps. In the former cas
multiple acquisitions must be performed to generate spectratioé nominal phase@) is the same for both phase ramps, while
different regions. in the latter they are quadrature shifted. Two spectra generate

Another approach is to exploit spectral folding alofg In  in this fashion § =S =S and § = S; $=S,y) can be
this approach the indirect dimension spectral width is kept téewed as the components of a Hadambkdmatrix. The two
one-half or one-third of the “required” width, thus allowing theselected resonances can then be sorted out by appropriate line
peaks outside the Nyquest frequency to fold in. This approacbmbination. It was previously showR() that such Hadamard
typically relies on the phase(s) of the observed resonancesegrcitation (HEX) sculpting can significantly improve sensitivity
patterns to sort out the spectral crowdird@) We now wish and/or decrease the total experiment time over excitation sculp
to report an IMPRESS-HSQC (improved resolution using synmg performed one frequency at a time.
metrically shifted pulses) experiment which uses the HadamardHEX sculpting is applicable to wideband excitation as well.
excitation sculpting technique. This approach also exploits sp&tgure 2 represents experimental excitation profiles using th
tral folding to improver; resolution (or decrease total measurin@PFGSE train and “constant-adiabaticity” WURSZ3¢25
time) but the folding is coded in the fashion of a Hadamidgd 180 pulses. For the profile in Fig. 2& and S, are set to an
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FIG. 1. Pulse sequences for (A) the double PFG spin-echo; (B) IMPRESS-gHSQC; and (C) gHSQC. Thin and thick vertical lines repteseht390
pulses. The band-selective puls& &nd ;) are 180 pulses. The delay is set to ¥4J. The delaysy and8 (and the PFG echo times in sequence A) are set
to minimum values to accommodate the gradient pulses, the band-selective pulses, and gradient recovery delays. The @utsseangleither © pulse (no
CH multiplicity editing) or 180 (CH multiplicity editing). The delayA is set to either 1J (6 =180 pulse) or a minimum value to accommodate the gradient
and RF pulses. The basic phase cyclingis= X; ¢2 = V,Y, =Y, —Y; ¢3 = X, X, X, X, =X, =X, =X, —=X; ¢pa = X, =X, =X, X, =X, X, X, =X; ¢5 = X, —X.
Phases not shown are along thaxis. The gradients G5 and G6 are set in the ratio 1: 3.98 for CH coherence selection. Pure N- and P-type data are collec
inverting the sign of the G6 gradient, stored separately, and combined during processing to generate pure absorptive lineshapes. The drattisrrarsetito
G1:G2:G3:G4:G5:G6=2:10:10:6:10:2G5/3.98 G/cm while the durations are setto G1:G2:G3:G4: G5=®65:0.5:10:6:2:1 ms.
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FIG.2. Single and double frequency selected profiles using DPFGSE. (a) Using a 8-ms caWURSBgi#hse= 0.893 kHz) to achieve 10-kHz bandwidth
refocusing; S, = $; (b) Using a 16-ms caWURST puls@(ms)= 0.631 kHz) to achieve 5-kHz bandwidth refocusingstat—2.5-kHz frequency offsets.
S =S = Six, whereSi« represents that the nominal phase of the two waveforms are in-phase; (c) Using a 16-ms caWURSB; puise=(0.631 kHz) to
achieve 5-kHz bandwidth refocusingsiat—2.5-kHz frequency offsetsS; = Six and$, = Sy, whereS;y represents that the nominal phase of the two waveforms
are orthogonal with respect to each other; (d) Sum of the profiles in b and c; (e) Difference of the profiles in b and c. The profiles are plotted withlthe ve
scaling factor adjusted to have same noise levels.

on-resonance caWURST pulse for a 10-kHz bandwidirhis is illustrated in the comparison of a gHSQC spectrum with
refocusing. The profiles in Figs. 2b and 2c are for two-site HEMand-selected gHSQC spectra of strychnine in Fig. 3. The band
sculpting. For the profile in Fig. 26, and S, are set to thes,,  selective spectra (Figs. 3b and 3c) were obtained using sequen
pulse, while for Fig. 2c$, is set toS,x andS is settoS,y. The 1B. The S and $ shapes are caWURST refocusing pulses to
S«x and S,y pulses are a linear combination of two caWURS&chieve 71 ppm (8.9-kHZC chemical shiftin a 500-MHz spec-
off-resonance (frequency offsets setitg—2.5 kHz and band- trometer) band selection. For the spectrum in Fig. 3b'fiae
width of refocusing set to 5 kHz each) shapes with their nominalilses were centered at 106.5 ppm while for the spectrum ir
phases being,x or X,y, respectively. The excitation profile in Fig. 3c it was centered at 35.5 ppm. The nonselective spectrun
Fig. 2bis very similarto thatin Fig. 2a, except for a small “notchih Fig. 3a was obtained using sequence 1C. The numbgiref
in the center of the profile. The profile in Fig. 2c is very similacrements is the same in all three cases, but¥iespectral width
to that in Fig. 2b except for the relative phase of the two bands.the band-selective spectra is only half that in the nonselective
The two bands in Figs. 2b and 2c¢ can be edited (add or subtraggctrum. As expected (in the, projections), the resolution
to generate the individual band profiles as shown in Figs. atbng the'*C dimension is twice in the band-selective experi-
and 2e. TheS/N improvement in these bands is expected tments compared to the nonselective experiment. However, doin
be the square root of 2 over similar profiles generated onetab band-selective experiments to achieve higher resolution fol
time. all 13C cross peaks is no different (in terms of time saving) than
We applied this HEX editing to the carbon dimension of aunning the nonselective experiment with twice the numbeér of
gradient HSQC experiment. The IMPRESS-gHSQC sequerinerements. The IMPRESS-gHSQC achieves this desired highe
is shown in Fig. 1B along with the standard gHSQC sequenEsolution without increasing the total experimental time by us-
(Fig. 1C). The IMPRESS-gHSQC sequence is similar to gHSQ@fy Hadamard excitation sculpting.
experiment except that a DPFGSE pulse train now follows theln Fig. 4, “unedited” IMPRESS-gHSQC spectra of a sample
evolution period. This pulse sequence is very similar to thed Taxol are shown. Both spectra were collected, each with a
one reported by Nuzillard and co-workeg for band-selective 90-ppm?*3C spectral width, 18@, increments, and four scans
HSQC. If S, and S, are set to select a particul&iC chemical per increment. The spectrum in Fig. 4a was collected with
bandwidth, then one observes only those carbons that are in8e= S, = S while that in Fig. 4b was collected with = S
selected region. This allows one to reduce the spectral widthandS, = S,y. The shapeS, andS, are dual band (9 kHz each),
the indirect dimension and improve resolution and/or sensitivitgymmetrically shifted-¢/—4.5 kHz) laminar caWURST refo-
Alternately, such band selection allows one to reduce the nuausing pulses. The two shapes differ only in the nominal phase
ber oft; increments (and hence the total experiment time) to loé the (+)4.5-kHz frequency (downfield with respect to car-
collected to achieve a target resolution along'fi@dimension. rier frequency) shifted waveform and the)@.5-kHz frequency
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FIG.3. Comparison of a nonselective gHSQC and band-selective gHSQC of a sample of strychnine in CDCI3. The nonselective spectrum (a) is obtaine
the sequence in Fig. 1C and the band-selective spectra (b and c¢) use the sequence in Fig. 1B.

(upfield with respect to carrier frequency) shifted waveforn8QC experiment is same as the sum of the experiment times f
While in the S shape the two waveforms have the same phatte two IMPRESS-gHSQC spectra (30 min each).
(x andx), in the S,y shape the two waveforms have orthogonal The improved resolution in IMPRESS-gHSQC experiment
phase X andy). The spectra were processed with)4.5-kHz over a gHSQC experiment is clearly evident in the expansion
frequency shift (difference between the carrier frequency and thied projections presented in Fig. 6. In Figs. 6a and 6b expand
center of the upfield band) applied to thénterferograms prior regions andC projections from the gHSQC and IMPRESS-
to transformation. This results in the peaks within the upfiegHSQC are shown. These expansions and projections were pl
band (9-kHz band centered at)4.5 kHz from the carrier) to ted with the vertical scaling factor adjusted such that the ave
appear “as is” and the peaks within the downfield band (9-kHme (from fourF; traces with no cross peaks) measured nois
band centered at{)4.5 kHz from the carrier) to fold over with is the same in both spectra. The IMPRESS-gHSQC cross pea
sign inversion. The spectrum in Fig. 4b has all the frequenciesdlearly have higher resolution over the corresponding gHSQ!
phase (although the downfield set, i.e., the 9-kHz band centepedss peaks as evidenced in both the 2D contours anéthe
at (+)4.5 kHz from the carrier, is sign inverted due to foldoverprojection. The increased signal height is undoubtedly comin
and the spectrum in Fig. 4a has the upfield set anti-phase withm the narrowing of the peak widths. One would anticipate
respect to the downfield set. signal loss in IMPRESS-gHSQC due C relaxation during
Thetwo spectrain Fig. 4 represent elements of a Hadaktardthe relatively long band-selective pulses. The signal height ir
matrix and can be sorted out by appropriate linear combinatiamease (and henc®/N in its traditional definition) due to line
The spectrum in Fig. 5a is the edited IMPRESS-gHSQC spetwrrowing more than compensates for this relaxation loses. Tt
trum with the downfield and upfield halves plotted side by sideensitivity increase due to line narrowing is also evidenced in th
This spectrum was obtained from the two datasets shown kg skyline projections shown in Figs. 6¢ and 6d. These projec
Fig. 4, by addition (downfield half) and subtraction (upfield halftions are plotted with the vertical scaling factor adjusted to the
Itis compared to a standard gHSQC spectrum (Fig. 5b) obtainggine noise level to enable the direct comparison of the sign
using 180-ppm3C spectral width, 186, increments, and eight height as a measure 8f N. A 1-ppm expansion (16 vertical
scans per increment. The total experiment time (1 h) for the gkixpansion) of the noise is also plotted for comparison.
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FIG.4. IMPRESS-gHSQC spectra (unedited) of Taxol in£ZIly using the sequence in Fig. 1B. @)= S = Scx, WwhereS;y is a caWURST pulse of 8.8-ms
duration B1¢ms) = 0.809 kHz) to achieve 9-kHz bandwidth refocusingtagt—4.5-kHz off-resonance frequencies. The nominal phase of the two waveforms are
the same. (b = Six andS, = S,y, whereS;y is same asx except that the nominal phase of the two waveforms is orthogonal. The spectra were acquired w
the3C carrier set at 68 ppm, but processed with45-kHz frequency shift in the, interferogram prior td=; transformationF; projection is shown as well.

Each of the two edited IMPRESS-gHSQC spectra plotted number of scans per increment typically results in poorer
in Fig. 5a is equivalent to eight scans (four scans each frasansitivity, albeit increase#; resolution, and the comparison
the two unedited spectra) per increment collected over twipeesented here is a best case scenario. Thus, the increased s
the t; acquisition time compared to the gHSQC spectrum itivity in the IMPRESS-gHSQC experiment compared to the
Fig. 5b (also eight scans per increment). To explore whethgHSQC experiment is clearly due to phase-encoded samplin
the increased sensitivity and resolution are purely due to tfthus retaining the time averaging effect of eight scans per in-
doubling of thet; acquisition time (collected over the samerement) and increasegdacquisition time (thus decreasing the
total experiment time), we compared two gHSQC spectra liiewidth along the~; dimension).
strychnine in Fig. 7. These plots are expansions from spectra
collected under identical total experiment time. The plots on EXPERIMENTAL
the left (Figs. 7a and 7c¢) were from a data set collected over
512t; increment data with four scans per increment. The plots All spectra were recorded at 25 on a Varian UnityINOVA
on the right (Figs. 7b and 7d) were from a data set collected ov#0- or 300-MHz NMR spectrometer equipped with a pro-
256 t; increment data with eight scans per increment. Thegeammable pulse modulator in the proton channel and a gradier
expansions and projections were plotted with the vertical scakcessory and usingH{X} indirect detection probe. The band-
ing factor adjusted such that the average (from fButraces selectiver pulses § andS) in the DPFGSE are caWURST
with no cross peaks) measured noise is the same in both spedt8® pulses with appropriate phase modulation(s) to shift the
While the resolution in the “4-512 scans-increment” spectrunenters of the refocusing profiles to the required offsets as note
is clearly higher, the sensitivity (peak height) is at best compie the figure legends. All shaped pulses were generated usin
rable to the “8-256 scans-increment” spectrum. In general, Wandora’s Box pulse shaping progra@6) available in Var-
find that increasing the number Bfincrements at the expenseian NMR software. The gradients are rectangular shaped. All
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FIG.5. Comparison of (a) edited IMPRESS-gHSQC and (b) nonselective gHSQC spectra of Taxal@CThe downfield half of spectrum a is obtained
by adding the two spectra in Figs. 4a and 4b, while the upfield half is obtained by subtracting the two spectra in Figs. 4a and 4b. The addition smd sut
were done during the constructiontgfinterferogram. Frequency shifts of —4.5 and.5 kHz were applied to thg interferograms prior td~ transformation to
generate the downfield and upfield halves, respectively.

spectra were collected with thalelay setto 1.67 ms (optimized200 Hz. The band-selective puls€s and S; are either 8-ms
for 150-Hz coupling)p set to O pulse, and the\ delay set to (Fig. 2a) or 16-ms (Figs. 2b and 2c) caWURST shaBegs) =
minimum length to accommodate the G5 gradient pulse, gradi893 and 631 kHz, respectively) to achieve 10-kHz refocusin
ent recovery delay (500s), and the RF pulse. The typicd on resonance (Fig. 2a) or 5-kHz refocusingait-2.5-kHz off-
90° pulse width is 6us and nonselective’C 90° pulse width resonance (Figs. 2b and 2c).
is 14 us. All 2D data were processed with an unshifted gaus- The nonselective and band-selective gHSQC spectra «
sian window function in bothH-; and F, dimensions prior to strychnine in Fig. 3 were run using a sample of 10 mg/ml so
Fourier transformation. To minimize the effect of postacquisiution in CDCk at 500 MHz proton observe frequency. The
tion processing tools on the observed sensitivity or resolutidmand-selective pulse§ andS, are 8.89-ms caWURST shapes
all spectra were processed without any linear prediction in €B1ms)= 0.804 kHz) to achieve 8.9-kHz refocusing. While the
ther dimension. The editing was done by appropriate additionselective spectrum (Fig. 3a) was obtained usitifaspec-
or subtraction of the data sets during the construction ofjthetral width of 17.8 kHz (142 ppm) centered around 71 ppm, the
interferogram prior td=; transformation. band-selective spectra in Fig. 3b and 3c were obtained using
The DPFGSE profiles in Figs. 2a—2c were generated usifif spectral width of 8.9 kHz (71 ppm) each centered at 35.5 an
a sample of RO, doped with GdG (linewidth of the resid- 106.5 ppm, respectively. Eight scans of 2048 complex point
ual HDO resonance is-2 Hz), and represent a sum of 10lwere collected for each of the 2@Q increments. A recovery
scans each. The spectra were processed with 10-Hz expordsay d 1 s wasused prior to each scan and the total acqui-
tial line broadening prior to Fourier transformation. The carriesition time for each of the three spectra was 1 h. The spect
frequency was shifted in between scans freft0 to —10 kHz  were transformed after zero-filling to 2048 2048 complex
(with respect to the on-resonance frequency of HDO) in stepspfints.
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FIG.6. Comparison of edited IMPRESS-gHSQC and nonselective gHSQC spectra of Taxal@i,C(@) 2D expansion anB; projection of the IMPRESS-
gHSQC; (b) 2D expansion arig projection of the gHSQC; (dJ, projection of the “downfield” half of IMPRESS-gHSQC; and {&)projection of the “downfield”
half of gHSQC. The peak marked with (*) is truncated in the plot. A 1-ppm noise expansion is shown as an inset plot.

The nonselective gHSQC spectra of strychnine in Fig. 7 wewsed prior to each scan and the total acquisition time was 1.5 t
obtained using a sample of 10 mg/ml solution in GD@t The spectra were transformed after zero-filling to 2643048
300 MHz proton observe frequency. The spectra were obtainsamplex points.
using a'®C spectral width of 13 kHz centered at 80 ppm. The The spectra of Taxol in Figs. 4-6 were obtained using a
spectrum in Fig. 7a was collected over eight scans of 2048 cosample of 10 mg/ml solution in CIZl, at 500 MHz pro-
plex points for each of the 256 increments. The spectrum inton observe frequency. The IMPRESS-gHSQC spectra were
Fig. 7b was collected over four scans of 2048 complex pointbtained with a'*C spectral width of 9 kHz and four
for each of the 512; increments. A recovery delayf @ s was scans of 2048 complex points over 180increments. The
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FIG. 7. Comparison of gHSQC spectra of strychnine in CR@&,c) Four scans for each of the 5thdncrements; (b,d) Eight scans for each of the 256
increments. (a) 2D expansion afg projection of the “4-512 scans-increment” gHSQC; (b) 2D expansionFangrojection of the “8-256 scans-increment”
gHSQC; (c and dJ projections. The peak marked with (*) is truncated in the plot. A 1-ppm noise expansion is shown as an inset plot.

band-selective pulseS; and S, in IMPRESS-gHSQC spectra CONCLUSION

are 8.8-ms caWURST shapeB; {ms)= 0.804 kHz) to achieve

9-kHz refocusing. A recovery delayf & s wasused prior to ~ The combination of excitation sculpting and phase encodinc
each scan and the total acquisition time was 1 h. The spas-shown in the IMPRESS-gHSQC sequence in this report, thi
tra were transformed after zero-filling to 2048.024 complex provides a way to exploit spectral folding to improveresolu-
points. The gHSQC spectrum of Taxol was obtained under sirtibn without the associated spectral crowding. The incre&sed
lar conditions as the IMPRESS-gHSQC spectra exceptfa resolution (line narrowing) results in an increased peak heigt
spectral width of 18 kHz and eight scans perincrements. The gitftd S/N over a nonselective gHSQC experiment. We are fur
SQC spectra were transformed after zero-filling to 224848 ther exploring ways to extend this to multiband selected two
complex points. Thé®C carrier was set at 68 ppm in bothdimensional experiments. This technique does involve long refc
cases. cusing pulses and thus suffers from signal loss due to relaxatic
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(27 or other WURST pulse4, 25 gives compargble results.ll- 3. HadamardBull. Sci. Math 17, 240 (1893).
We did not explore other band-selective pulses in the QuUESEID o\ icerd Maan. Resorl5. 44
. . . - R. J. Magn. Resorlil5,44 (1974).
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