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We have recently shown that artifacts due to rapid pulsing
in gradient-enhanced double-quantum-filtered (GEDQF) ho-
monuclear COSY experiment can be suppressed by a suit-
able choice of gradients during evolution, mixing, and detec-
tion periods (1). The proposed combination 4:3:10 blocks
multi ple-quantum coherences generated during the evolution
period. However, by retaining only one coherence pathway
(N or P), the application of the first gradient leads to two
major drawbacks: (i) a reduction in sensitivity by a factor
of two and (ii) the inability to obtain pure-phase double-
absorption spectra (2, 3).

Whereas the loss in sensitivity is not a critical defect, the
phase-twist lineshape may be a severe handicap in high-
resolution NMR because of the increased linewidth gener-
ated by the magnitude calculation mode and the loss of
information about the signs of the cross peaks. J. Keeler et
al. (3) have recently shown that the key to retaining both
coherences (+1 and —1) during t;, and thus to obtaining
time-domain data which are amplitude modulated in t; and
can be phased along the w; dimension, is not to apply a
gradient during the evolution period. It is unfortunately clear
that this modification is fundamentally incompatible with a
complete removal of multiple-quantum rapid-pulsing arti-
facts generated by the first 90° pulse which requires the
unavoidable application of a gradient immediately after the
preparation period.

Another original idea called the switched acquisition time
(SWAT) gradient method has been proposed by Hurd et al.
(4). It consists of sampling the time-domain signal at twice
the dwell rate, inserting appropriate alternating positive and
negative gradient pulses between digitized points for encod-
ing coherence pathways 0 - -1 — —1 (P type) and 0 —
+1— —1(Ntype) in asingle acquisition. While this method
avoids collection of additional data blocks, in contrast to the
traditional RF phase cycling (5—-8), it results in a Nyquist
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frequency shift in the w, dimension for the sine-modulated
components compared to cosine-modulated ones. Although
data reconstruction and processing are extremely simple, the
gradient-switching time and the recovery from eddy-current
effects limit the maximum digitization rate and hence the
spectral bandwidth in the acquisition dimension. Thus, suf-
fering from such severe instrumental constraints, this elegant
solution has not yet been routinely implemented on modern
high-resolution spectrometers.

In another key paper, the Keder group (9) has described
a smple method for obtaining pure-absorption heteronuclear
correlation spectra with the aid of carefully placed pulsed field
gradients in the pulse-sequence timing. The idea is to record
two separate spectra with gradients of the same magnitude,
but with dternately positive (negative) and negative (postive)
signs. In the first spectrum, suitable gradients select the N type
or echo spectrum (coherence order +1 during t; and —1 during
t,), whereasin the second spectrum, another gradient sequence
selects the P type or antiecho spectrum (coherence order —1
during t; and —1 during t,) . Although each of these spectrawill
show the undesirable phase-twist lineshape, they can alwaysbe
combined during data processing to yield a pure-absorption-
mode spectrum (10, 11). Nevertheless, such an attractive dter-
native has not yet been used in homonuclear correlaion even
though phase errors due to the evolution of chemica shifts
during the first gradient are certainly less severe than in hetero-
nuclear spectroscopy.

In this Note, we propose a variant of the Keeler method
(9) with much simpler data manipulation and processing.
The signals from P-type and N-type pathways are dternately
collected and added in the same data block, time-domain
filtered in both dimensions, and Fourier transformed as a
complex signal in the t, domain and as a real signal in the
t; domain according to the time-proportional phase-incre-
mentation (TPPI) scheme (11-13). Finadly, the spectra are
phased by standard procedures, and it is shown that the first
few data points of the FIDs, which have been corrupted by
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the first gradient in the evolution period and preclude clean
phasing along w,, can be easily recalculated by backward
linear prediction (LP) (14—-17). This method had the clear
advantage of providing pure-phase spectra without rapid-
pulsing artifacts.

Let us represent a typical P peak by the time-domain
expression

So(ty, tp) = exp[i(wat; + sol)]exp<— %)

X exp[i(wat, + <p2)]exp<— %) ;[

where ¢, and ¢, are phase deviations, w; and w, are the
proton offsets from the pulse carrier frequency w,, and
T and T4 are the (assumed) exponential relaxation times
in the t; and t, periods respectively. The phase deviations
are assumed to be frequency dependent according to alinear
function of the type

(0)

P12 = Y13 + <P(l

12W12

to include the effects of initial delays, the finite duration of
gradient pulses, electronic filters, and mismatching in quad-
rature detection (18). Likewise, a typica N peak will be
given by

Su(ts, to) = exp[ —i(wit, + wl)]eXp<— %)

X exp[i(wst, + apz)]exp<— %) . [2]

Adding these two signals in the same data block for all
the even t§ increments gives the amplitude cosine-modul ated
function &:(t%, t,)

S(t1, ) + Su(te, o) = S(t5, 1)
= 2 cos(witf + ¢1)

t
X exp| — o
X expli(watz + ©2)]
{2
X exp(— @) .

Complex Fourier transformation of [3] with respect to t,
generates the even interferogram

[3]
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te
S (1%, wy) = 2 cos(wqtf + (pl)exp<_ T(11)>
2

X [Ao(w2) + ID2(w2)]exp(iy2), [4]

where Ay(w,) and D,(w,) represent, respectively, the pure-
absorption- and dispersion-mode Lorentzians (18)

T® |
Ag(ws) = ———2—— an
2(2) = T TP ALy
TP Aw
Da(w,) = e [5]

1+ (TP Aw,)?’

where Aw, = w — w,.

If the phase ¢ of the first 7/2 pulse preceding the evolu-
tion period t, is advanced by 7/2, Eq. [1] gives for the next
incremented time t, + Aty, which is now an odd t$ incre-
ment, the following respective P and N peaks

S(t + Aty, t,) = eXp{i[wl(tl + Aty) + g + @1] }

(ty + Aty)
xexp[— lT(Zl) :
. t
XexD['(wztz‘*‘(Pz)]EXp(—Tng))
2

=iexp{i[wi(ty + Aty) + 1]}
(LA Atl)]

X expli(watz + <P2)]9Xp<_%> [6]

St + Aty tp) = exp{ —i|:w1(t1 + Aty) + g + 901} }

(tu + Aty)
v exp[ _ %
. t
x expli (watz + cpz)]exp<— —Té)>
2

= —i exp{ —i[wi(ts + Aty) + ¢1]}

« exp[—(tl+Atl)]

e

xexp[i(wztzwz)]exp(—%). [7]
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Adding these two signals in the same data block for all
the odd t$ increments gives now the amplitude sine-modu-
lated function S(t2, t,)

%(tgu t2)
= —2sn(wit} + 1)

t9
e T

X expli(watz + ¢2)]
t
X exp(— fzz)) .

Complex Fourier transformation of [8] with respect to t,
now generates the odd interferogram

S(t%, ) + Su(t8, t)

(8]

. t?
Ss(t2, wy) = =2 sin(wit? + ﬁpl)eXp<_ ﬁ%)

X [Az(w2) + ID2(w2)]exp(ipz). [9]
In practice, the cosine- and sine-modulated time-domain
data sets [3] and [8] which are interleaved in even and
odd t;, increments are not processed separately, but are left
interleaved and complex Fourier transformed with respect
tot, to give the corresponding interleaved interferograms [ 4]
and [9], respectively (11). Then, the data are real Fourier
transformed with respect to t; according to the usual TPPI
scheme (11-13), wherethetimeincrement At, = 1/(2Af,)
and A f, = Aw,/27 is the required spectral width in w,; as
a result, only a single absorption-mode line is obtained at
w; + A f; without any aliased signal in therange =7 A f; as
clearly shown by Keeler and Neuhaus (11). Moreover, since
the four phase quadrants RR, IR, RI, and Il are produced
by the two successive Fourier transformations, complete
phasing in the two dimensions is possible (11-13).

The present method, which inverts the gradient G, in
the evolution time and adds the data in order to select
both P and N pathways, has some analogy with a recent
approach proposed in order to phase GE HMQC spectra
(19). Indeed, Ruiz-Cabello et al. (19) cycle one of the
gradients in two subsequent scans to collect alternatively
double-quantum coherence and zero-quantum coherence
generated in the evolution period of the HM QC sequence;
asthey carry opposite phase modulation by the undetected
(C*) nuclei, adding them provides the needed amplitude
modulation. An important difference exists however.
Ruiz-Cabello et al. (19) cycle the gradient during the
detection and not during the evolution period and add the
two scans only after Fourier transformation along the t,
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domain has been performed. Our scheme is simpler, both
for data acquisition and processing.

Phasing along w,, that is, multiplying data by ex-
p(—ip,), presents some minor difficulties which can be
easily solved by appropriate positioning of refocusing
pulses in order to remove dispersion by chemical shifts
during fixed delays and gradients (3, 9). Thisis achieved
by inserting a 180° pulse and a delay of the same length
asthe gradient during the mixing timein order to compen-
sate the evolution of the double-quantum coherences pres-
ent during the first gradient G, ; indeed without this modi-
fication, phase properties associated with these coher-
ences are transferred to the observable signals, resulting
in complex phase distortions that cannot be removed by
conventional phase correction procedures in the w, di-
mension (3). Moreover, since an imperfect 180° pulse
can cause arbitrary changes in coherence order, giving
rise to unwanted signals in the spectrum (3), composite
180° pulse of the type 9031805905 (20) are preferred to
get clean absorption spectra with small baseline distor-
tions. Finally, therelative positions of the second gradient
G, and this refocusing pulse are of importance, and it is
always better to place the gradient after the pulse to en-
sure the proper selection of the p = =2 coherence which
have been suitably refocused by the previous pulse (3, 9).

In principle, all that remains is to refocus the shift
evolution during the penultimate gradient G, before the
final selection and acquisition. As before, thisis done by
inserting a delay and a composite 180° pulse, this time
of opposite sign to the previous one to again compensate
errorsin thefirst. Since acquisition of signal cannot begin
until after the last refocusing gradient G; and the associ-
ated recovery delay, the first part of the FID is lost. As
pointed out by Keeler et al. (3), this is not too severe a
constraint, since in DQF COSY all the multiplets are in
antiphase so that the detectable signal grows from zero
at a rate which is on the order of the J couplings, and
the missing signal should be small if the gradient G; is
short compared to 1/2J,.. Thisis the case in our study
where the gradient pulse widths are 800 us. The pulse
sequence and corresponding coherence-transfer diagram
(18) for recording pure-absorption GEDQF COSY spec-
tra are shown in Fig. 1.

Spectrawere recorded on a Bruker ARX-500 spectrometer
equipped with an amplifier capable of generating shaped
field-gradient pulses of 50 G/cm. The 5 mm inverse-detec-
tion probe used was fitted with a self-shielded gradient coil.
The spectral width was set to 5000 Hz in each dimension,
with 1024 real and imaginary points in t, (acquisition time
0.2 s) and 512 t, increments. Four dummy scans and two
scans per t; increment were made, resulting in atotal acquisi-
tion time of 21.5 min. The gradient strengths used were 3.5
G/cm per unit. A pure cosine window was used for time-
domain filtering in both dimensions prior to 2D Fourier
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FIG. 1.

Pulse sequence, field-gradient timing, and coherence-transfer pathway used to record pure-absorption GEDQF COSY spectra. The delay A

is constant and equal to the width of the gradient pulses plus associated gradient preparation and recovery times. In our experiments, this was 1.29 ms.
For each t; increment, the first scan is performed with the 4:—3:10 gradient sequence (dotted), and for the second, the —4:3:10 (hatched) sequence is
used. The solid line along the coherence-transfer diagram indicates the pathway 0 - +1 - +2 - —2 —» +1 — —1 which leads to the N-type spectrum,
assuming that the final coherence level ps = —1 is detected; the dashed line is the ‘*mirror image’’ pathway leading to the P-type spectrum. The RF
pulse phases need not be cycled; however, inversion of the signs of the composite 7 pulses (9051805905 for the first and 902,180°,902, for the second)

does appear to give cleaner results.

transformation according to the TPPI procedure. Zero filling
was performed once in F;. The sample was 50 mM 10-
desacetylbaccatin 111 in DMSO-ds.

Figure 2a shows the complete pure-absorption 2D spec-
trum, where positive and negative contours have been plotted
without distinction. The horizontal cross section along the
methylene signals at 2.34 ppm (arrow) indicates phasing
along the w, dimension with good-quality antiphase multi-
plets and reasonably good resolution (Fig. 2b). Unfortu-
nately, a similar cross section along the w; dimension (Fig.
2c) revedls, in contrast, slight phase errors in the multiplets
which increase with greater frequency offset on a given col-
umn of the 2D matrix.

This observation suggests a dominant frequency-de-
pendent term in the phase error ¢, (Egs. [4] and [9]).
Although such effects are acceptable in w, spectra where
they only produce small-amplitude errors (11), they ren-
der phasing impossible in the w; dimension. The origin
of these phase errors is the presence of the G; gradient

during the evolution time. They arise because the duration
of the gradient pulseislongin comparison to the theoreti-
cally desirable time t; = 0 (the minimum t; is usually on
the order of 3 usto allow for phase switching). The usual
gradient pulse duration of around a millisecond is long
compared to the dwell time and therefore, whereas in a
classic DQF COSY there is theoretically no signal when
ty = 0 (11), the important chemical-shift dispersion dur-
ing the G, gradient renders phase correction along the w,
dimension impossible. The only way to solvethis problem
is to regenerate the first data points in t, by backward
linear prediction (14-17).

According to this method, each data point F, can be ex-
pressed as a linear combination of the p following points
I:k+m

p
Fo = Z BmFicm, [10]

m=1
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FIG. 2.

(a) Two-dimensional spectrum showing elimination of rapid-scanning artifacts, (b) row at 2.34 ppm [see arrow in (a)] showing pure phase

and good resolution, (¢) column at the same chemical shift without linear prediction indicating frequency-dependent phase errors, and (d) removal of

phase errors with backward linear prediction as described in the text.

where by, is the mth backward coefficient which is independent
of k and therefore can be determined by the existing data points
by some linear calculation (14—17). The linear-prediction ex-
trapolation of the missing first few points requires little compu-
tetiond time compared to the extensive derivation of al the
spectra parameters generadly performed in the conventional
use of LP, moreover, because it extends the time-domain data
by only avery small fraction of its total duration, the accuracy
demand is not very stringent in this case, allowing the use of
the fast Burg agorithm (21).

In the experiments described here, the initial minimum t;
timeis 1.29 ms, including the pulse width and pre- and post-
gradient delays. With the 5000 Hz spectral width sampled
in the w,; dimension according to the TPPI method, the t;
period should be incremented by At; = 1/(2 X 5000) =
100 ps. Thismeansthat the first 12 points of all theinterfero-
grams obtained after Fourier transformation along t, are

missing so that the lack of these data gives rise to a linear
phase distortion of about 1160° across the whole spectrum.
The data points were reconstructed from 22 LP coefficients
using Eqg. [10] while the LP coefficients b,,, were determined
from 44 points according to the LPBr standard Bruker rou-
tine. The same vertical trace as Fig. 2c is shown in Fig. 2d
and reveals a complete suppression of phase imperfections
and a dightly persistent rolling baseline for the pure-absorp-
tion spectrum in the w;, dimension. Indeed, despite these
important phase distortions—which are certainly nonlin-
ear—only a modest linear frequency phase correction is
needed because all the signals are narrow and well separated
(16).* Nevertheless, the remaining discernible undulation of
the baseline should be unavoidable and cannot be properly

1 We are indebted to the referee for pointing out this apparent contradic-
tion to us.
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FIG. 2—Continued

corrected for because the interferograms can never be accu-
rately extended to the exact point t; = 0 where all the sinu-
soids arein phase (16) (see Footnote 1) . These observations
provide clear evidence that the problems encountered in
phasing the 2D data arise from the application of a gradient
during the evolution time, which is essential for removing
artifacts in GEDQF COSY experiments. As a result, the
need for sampling at the beginning of each time domain is
more critical in the evolution period compared to the acquisi-
tion period. Because of the irreversible frequency-dependent
phase shifts which are generated, a careful backward LP
reconstruction is needed to obtain good phasing along the
w4 dimension.

Finally, it would be worthwhile to comment about the sensi-
tivity of the method compared to (i) the phase cycled pure-
phase DQF COSY and to (ii) the pure-phase absorption
GEDQF COSY without any gradient in the evolution time
t; (3). Such an analysis has been previoudy and carefully
undertaken by Keder et al. (2, 3,9) who assume the same
underlying resolution in F; and the same total experimental
time for each of the three variants. It is clear that the need to
apply a gradient during the evolution time t; results in a

decrease by a factor of V2 in the sengitivity of our method
compared to the pure-phase absorption GEDQFCOSY with-
out any gradient in t; because only the coherence order p =
+1or p = —1lisseected during t;; since this last experiment
in itself aready has a sensitivity poorer by afactor of V2 than
the classical cycled DQFCOSY because only one of the two
double-quantum coherences +2 is retained during the mixing
time, a twofold reduction in sensitivity is expected for our
method commpared to the usua pure-phase DQFCOSY.
However, it should be stressed that, in our experiment, the
lack of t; noise and artifact peaks more than compensates for
the lower sensitivity.

In conclusion, the general procedure described here and
in our previous note (1) yields artifact-free gradient-en-
hanced multiple-quantum-filtered spectra in absolute or
pure-phase mode without the need for complicated acqui-
sition schemes or data treatment procedures. It isour expe-
rience that the method can be easily extended along the
same principles to triple-quantum-filtered TQFCOSY ex-
periments by using a gradient combination such as
G;.G,:G; = 1:3:10 in the evolution, mixing, and acquisi-
tion periods respectively.
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