
MAGNETIC RESONANCE IN CHEMISTRY, VOL. 35, 505È519 (1997)

Investigation of the Advantages and Limitations of
Forward Linear Prediction for Processing Data2D
Sets

William F. Reynolds,1* Margaret Yu,1 Raul G. Enriquez2 and Ismael Leon3
1 Department of Chemistry, University of Toronto, Toronto, Ontario, M5S 3H6, Canada
2 Instituto de Quimica, Universidad Nacional Autonoma de Mexico, Circuito Exterior, Ciudad Universitaria, Coyoacan,
Mexico, D.F., 04510, Mexico
3 Centro de Investigaciones in Quimica, Universidad Autonoma del Estado de Morelos, Cuernavaca, Morelos, Mexico

Although the potential advantages of forward linear prediction for the processing of multi-dimensional NMRf
1spectra are well established, this method is surprisingly little used for 2D spectra used for organic structure deter-

mination. A detailed investigation of the advantages and limitations of forward linear prediction for this purposef
1is reported. This is a reliable technique which is particularly useful for 1H-detected 13C–1H shift correlation

spectra, allowing up to 16-fold linear prediction of the 13C axis of HSQC spectra. In general, the use of linear
prediction allows one to obtain comparable 2D spectra in one quarter of the time or double the sensitivity in a
comparable time relative to similar spectra without linear prediction. The one exception is the absolute value
COSY spectrum, where linear prediction beyond a factor of two gives poor results. Linear prediction is generally
superior to zero Ðlling as a time-saving technique, although the di†erence between the two approaches disappears
as the data point resolution approaches the natural linewidth. By contrast, forward linear prediction is notf
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INTRODUCTION

The potential utility of forward linear prediction for
processing multidimensional NMR data sets has long
been recognized.1,2 This technique is particularly useful
as a means of minimizing the acquired data matrix and
consequently the total acquisition time for 3D and 4D
NMR spectra of proteins.3 By contrast, as pointed out
in a recent paper on the use of forward linear prediction
for 2D NOESY spectra,4 this technique has been sur-
prisingly little used for 2D spectra of smaller organic
molecules such as natural products. For example,
checking the experimental sections of papers on organic
structure determination by 2D NMR in the 1995 and
1996 volumes of this journal revealed only eight papers
(out of approximately 100) which explicitly mentioned
the use of linear prediction,4h11 three of which came
from this research group.5,6,8 We Ðnd this failure to
make more extensive use of linear prediction in 2D
NMR very surprising since we have consistently found
it to be a useful and reliable method for improving the
resolution and sensitivity of 2D spectra. This is particu-
larly true for 1H-detected 1HÈ13C shift correlation
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spectra12 where one is faced with the problem of digiti-
zing a wide 13C spectral window. Reference 4, while
providing quantitative information concerning the accu-
racy of NOESY cross-peak areas with linear prediction,
o†ered only qualitative comments concerning the
resolution and sensitivity advantages of this approach.
Consequently, we decided to carry out a quantitative
evaluation of the advantages and limitations of forward
linear prediction for other common 2D experiments
used in organic structure elucidation. In addition, we
wished to compare the relative merits of linear predic-
tion and the more commonly used method of zero
Ðlling. Since our goal was to encourage the more wide-
spread use of linear prediction, we used the standard
linear prediction software package provided by the
spectrometer manufacturer in order to evaluate the
advantages which would be routinely available to non-
expert users.

RESULTS AND DISCUSSION

Forward linear prediction of HSQC data setsf
1

As a Ðrst basic test of the reliability of linear prediction,
three HSQC13 data sets were acquired for the aliphatic
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506 W. F. REYNOLDS ET AL .

proton and carbon region of our standard test molecule,
kauradienoic acid (1).14 HSQC was chosen rather than
HMQC15 because the limiting resolution isf1(13C)
determined by the natural 13C linewidth for HSQC but
by the 1H multiplet width for HMQC (since the 1H
multiplet structure appears along both and withf1 f2the latter sequence12,16). The sample contained 6 mg of
1 dissolved in ca. 1 ml of All three data setsCDCl3 .
used an spectral window of 1770 Hz, an spectralf2 f1window of 6300 Hz and 256 data points, zero Ðlled tof2512. In the Ðrst experiment (see Table 1), we collected 16
transients per time increment and 256 time increments
(total acquisition time 5 h 42 min) and linearly predict-
ed the data to 1024, with zero Ðlling to 2048. Experi-f1ment 2 had four transients per time increment and 1024
time increments (total acquisition time 5 h 43 min) with

zero Ðlling to 2048 and no linear prediction. Experi-f1ment 3 had four transients per time increment and 256
increments (total acquisition time 1 h 26 min), linearly
predicted to 1024 with zero Ðlling to 2048. All other

acquisition and processing parameters were identical for
the three experiments (see Experimental). All data were
acquired in the hypercomplex mode to generate phase-
sensitive spectra.

Our assumption was that, provided that the raw data
had a sufficient signal-to-noise ratio to allow accurate
prediction, the Ðrst experiment should show twice the
signal-to-noise ratio of the second experiment in about
the same overall time while the third should show a
comparable signal-to-noise ratio to the second in one
quarter of the time. The signal-to-noise ratio was mea-
sured for 1H cross-sections through individual 13CH2peaks. The latter were chosen since they have the lowest
signal-to-noise ratio of the di†erent groups in 1.CH

nNoise levels were measured from 1H spectral regions
with no peaks to avoid any contributions from t1ridges. These measurements showed that the average
signal-to-noise ratio for groups was 237 : 1 in theCH2Ðrst experiment, 117 : 1 in the second and 116 : 1 in the
third, i.e. almost exactly the ratios predicted above. Two
typical cross-sections from experiments 1 and 2 areCH2displayed in Fig. 1, clearly illustrating the higher sensi-
tivity for the experiment with linear prediction.

Contour plots for the three experiments, illustrated in
Fig. 2, show an additional interesting and unexpected
feature. It appears that the experiments using linear pre-
diction, and particularly the Ðrst experiment, show
weaker ridges from the singlets. There are manyt1 CH3sources of instability which may lead to ridges17 witht1the actual origins being dependent on the individual
spectrometer and its environment.18 This observation,

Figure 1. Typical cross-sectional spectra for groups of 1 obtained in (a) experiment 1 and (b) experiment 2. Spectra for a givenCH
2

carbon are plotted at the same vertical scale with noise insets Ã10.
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ADVANTAGES AND LIMITATIONS OF FORWARD LINEAR PREDICTION 507

Table 1. Acquisition and processing parameters for various 2D experiments involving kauradienoic acid (1) discussed in the text

Samplec

Experimenta Segmentb mg NTd SW2e SW1f NPg TP2h NIi LP1j TP1k LP21

1 HSQC 6 16 1770 6300 256 512 256 1024 2048 —

2 HSQC 6 4 1770 6300 256 512 1024 — 2048 —

3 HSQC 6 4 1770 6300 256 512 256 1024 2048 —

4 HSQC 6 16 3500 16 000 512 1024 256 1024 2048 —

5 HSQC 6 4 3500 16 000 512 1024 1024 — 2048 —

5a HSQC 6 4 3500 16 000 512 2048 1024 — 2048 1024

6 HSQC 6 4 3500 16 000 512 1024 256 1024 2048 —

6a HSQC 6 4 3500 16 000 512 1024 256 4096 8192 —

6b HSQC 6 4 3500 16 000 512 1024 128 1024 2048 —

6c HSQC 6 4 3500 16 000 512 1024 64 1024 2048 —

6d HSQC 6 4 3500 16 000 512 1024 128 512 1024 —

6e HSQC 6 4 3500 16 000 512 1024 256 — 2048 —

6f HSQC 6 4 3500 16 000 512 1024 128 — 2048 —

6g HSQC 6 4 3500 16 000 512 1024 64 — 2048 —

6h HSQC 6 4 3500 16 000 512 1024 256 1024 8192 —

6i HSQC 6 4 3500 16 000 512 2048 256 1024 2048 1024

6j HSQC 6 4 3500 16 000 512 2048 256 1024 2048 —

7 HSQC 1.5 16 3500 16 000 512 1024 256 1024 2048 —

8 HSQC 1.5 4 3500 16 000 512 1024 1024 — 2048 —

9 HSQC 1.5 4 3500 16 000 512 1024 256 1024 2048 —

9a HSQC 1.5 4 3500 16 000 512 1024 256 — 2048 —

9b HSQC 1.5 4 3500 16 000 512 1024 828 — 2048 —

9c HSQC 1.5 4 3500 16 000 512 1024 64 — 2048 —

9d HSQC 1.5 4 3500 16 000 512 1024 256 4096 8192 —

9e HSQC 1.5 4 3500 16 000 512 1024 256 1024 8192 —

10 HMQC 6 16 3500 16 000 512 1024 256 256 2048 —

11 HMQC 6 4 3500 16 000 512 1024 1024 — 2048 —

12 DQCOSY 1.5 8 1770 1770 2048 4096 256 2048 4096 —

12a DQCOSY 1.5 8 1770 1770 2048 4096 256 — 4096 —

12b DQCOSY 1.5 8 1770 1770 2048 4096 256 512 4096 —

13 DQCOSY 1.5 8 1770 1770 2048 4096 2048 — 4096 —

14 COSY 1.5 16 3500 3500 1024 2048 1024 1024 2048 —

14a COSY 1.5 16 3500 3500 1024 2048 256 1024 2048 —

14b COSY 1.5 16 3500 3500 1024 2048 512 1024 2048 —

14c COSY 1.5 16 3500 3500 1024 2048 256 — 2048 —

a Experiments labelled only with a number correspond to the original experiment described in the text while those with a number followed
by a letter, e.g. 5a, correspond to a reprocessed data set.
b Sequence used in experiment. The COSY experiment was run in the absolute value mode and all others in the phase-sensitive mode, using
the hypercomplex method.
c Samples were either 6 or 1.5 mg of 1 dissolved in ca. 1 ml of CDCl

3
.

d Number of transients collected per time increment.
spectral window.ef

2
spectral window.ff

1
g Number of data points.f

2
h Total number of points after zero filling.f

2
i Number of time increments used in processing data set.f

1
jExtent of linear prediction along axis. Where no number appears, no linear prediction was carried out.f

1
k Total number of points after zero filling.f

1
l Extent of linear prediction along the axis. Where no number appears, no linear prediction was carried out.f

2

which we have reproduced in repeated experiments, rep-
resents another advantage of linear prediction.

While the experiments described above clearly
demonstrate the sensitivity and resolution advantages of
forward linear prediction, we carried out a number off1additional experiments designed to probe possible limi-
tations. First, the three experiments described above
were repeated (as experiments 4È6, respectively) using
1H and 13C spectral windows (3500 Hz and 16 000 Hz,
respectively) which included all protons and protonated
carbons for 1. The number of 1H data points was
doubled to 512 (with zero Ðlling to 1024), with all other
parameters kept identical with those listed previously

(see Table 1). The new experiments were run for two
reasons. The Ðrst was to conÐrm that the conclusions
described above still held when using wider spectral
windows and the second was to allow us to test the
usefulness of more extensive linear prediction. As noted
previously,12 there is no sensitivity or resolution advan-
tage in linear prediction (or straight data acquisition)
which provides data point resolution which is less than
the linewidths. The use of a wider spectral windowf1allowed us to test more extensive linear predictionf1without running into this limitation.

The observed average signal-to-noise ratios were
200 : 1, 108 : 1 and 122 : 1 for experiments 4, 5 and 6,
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508 W. F. REYNOLDS ET AL .

Figure 2. Contour plots for the full HSQC spectra of 1 obtained in the first set of experiments with (a) experiment 1, (b) experiment 2 and
(c) experiment 3. All spectra are plotted with the same vertical scale and threshold. Note the increased ridges for experiments 2 and 3.t

1

respectively. These are similar to those noted above,
conÐrming that the advantages of linear prediction
hold, even with wider spectral windows. Experiment 6
was then reprocessed with linear prediction from 256 to
4096 (with zero Ðlling to 8192), i.e. 16-fold linear predic-

tion. This experiment was chosen because the weaker
signal-to-noise ratio compared with experiment 4
should provide a more rigorous test of extended linear
prediction. To our surprise, the spectrum with 16-fold
linear prediction (experiment 6a) had an average signal-
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ADVANTAGES AND LIMITATIONS OF FORWARD LINEAR PREDICTION 509

to-noise ratio for cross-sections which was almostCH2twice that for the spectrum with fourfold linear predic-
tion (239 : 1 compared with 122 : 1). As observed pre-
viously,12 this was mainly due to the increase in peak
height associated with the linewidth narrowing in f1.This line narrowing arises because extended linear pre-
diction provides access to a larger fraction of the
interferogram envelope, providing better data point
resolution and allowing the use of less extreme apo-
dization. However, there are limits to the gains which
can be realized in this manner (see later). Typical CH2cross-sections are illustrated in Fig. 3 and contour plots
for one region of the 2D spectra are shown in Fig. 4.
Figure 4(b) is plotted at half the vertical scale of Fig.
4(a) to allow for the approximate twofold increase in
signal intensities. The narrower lines are apparent in
Fig. 4(b). Finally, in order to conÐrm the accuracy of
extended linear prediction, 13C chemical shifts were esti-
mated from the mid-points of 13C signals in the contour
plot for experiment 6a. The estimated chemical shifts
are listed in Table 2, along with the 13C chemical shifts
determined from a 1D 13C spectrum for the same
sample. The maximum di†erence is 0.03 ppm, demon-
strating that the extensive linear prediction has not
resulted in any signiÐcant errors in peak position.

We next investigated the minimum number of
increments necessary for reliable linear prediction. This
was done by reprocessing experiment 6 using only part
of the time increments. Three spectra (experiments 6, 6b
and 6c, respectively) were compared (1) using all 256
increments and linearly predicting to 1024, (2) using the
Ðrst 128 time increments and linearly predicting to 1024

Table 2. Comparison of 13C chemical shifts
determined from a 2D HSQC
spectrum of 1 with 16-fold linear
prediction and from a regular 1D
13C spectrum

Carbon d
c

b d
c

c

1 40.74 40.75

2 20.12 20.15

3 38.25 38.28

6 18.47 18.46

7 29.64 29.66

11 111.48 111.49

12 37.92 37.92

13 41.24 41.24

14 44.93 44.94

15 50.30 50.31

17 105.49 105.47

19 28.22 28.24

20 23.60 23.61

a In measured relative to internal tetra-CDCl
3

methylsilane.
b From 2D HSQC spectrum (experiment 6a).
c From 1D 13C spectrum.

and (3) using the Ðrst 64 time increments and linearly
predicting to 1024. Assuming that linear prediction still
works well with a smaller number of time increments,
then similar quality spectra would be expected in each
case, as was observed above when comparing experi-
ments 5 and 6. In fact, this is not the case. Contour

Figure 3. Cross-sectional spectra for two groups of 1 obtained in the second set of experiments with (a) experiment 6 with linearCH
2

prediction to 1024 and (b) experiment 6a with linear prediction to 4906. Spectra for the same carbon are plotted at the same vertical scale
with noise insets Ã20. The full spectra were obtained with a 13C spectral window of 16 000 Hz and an 1H spectral window of 3500 Hz.
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510 W. F. REYNOLDS ET AL .

Figure 4. Contour plots for a region of the HSQC spectra of 1 obtained with (a) experiment 6 with linear prediction to 1024 and (b)
experiment 6a with linear prediction to 4096; (b) is plotted at the same threshold as (a) but with half of the vertical scale to allow for the
increased intensity shown in Fig. 3(b). 13C peaks from bottom to top of each spectrum correspond to C-13, C-1, C-3 and C-12.

plots for the three spectra are illustrated in Fig. 5. They
show a signiÐcant deterioration in quality from 4- to 8-
to 16-fold linear prediction. Reprocessing the data from
experiment 6 using the Ðst 128 time increments com-
bined with linear prediction to 512 instead of 1024 gave
a spectrum (experiment 6d) which showed no signiÐcant
distortions but with a twofold increase in linewidth.f1Thus, for this particular series of experiments, it appears
that the collection of 256 increments with linear predic-
tion to 1024 (or further if necessary) provides the
optimum combination of resolution, sensitivity and
quality of spectra. Fewer increments lead to imperfect
spectral prediction or loss of resolution while the use of
a greater number of increments o†ers no advantages
over linear prediction. In principle, the optimum
number of increments should depend on the particular
moleculeÈexperiment combination, being determined by

factors such as natural linewidth, spectral windowf1 f1and the number of peaks being detected. However, in
practice, we have observed that 256 increments usually
represents a good choice for HSQC, HMQC and
HMBC experiments with wide ([15 000 Hz) spectralf1windows when acquiring spectra for natural products
and other organic compounds up to molecular mass
2000.

Finally, to check whether these conclusions would
still be valid for more dilute solutions, a new sample
containing 1.5 mg of 1 (a fourfold dilution) was pre-
pared and three new data sets (experiments 7È9) were
obtained with parameters identical with those in experi-
ments 4È6. In this case, experiment 7 showed an
average cross-section signal-to-noise ratio of 59 : 1,CH2experiment 8 27 : 1 and experiment 9 28 : 1. Since the
signal-to-noise ratios are again essentially identical with
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ADVANTAGES AND LIMITATIONS OF FORWARD LINEAR PREDICTION 511

Figure 5. Contour plots for (a) experiment 6, (b) experiment 6b and (c) experiment 6c. All spectra are plotted at the same vertical scale
and threshold.

the expected values, it appears that fourfold linear pre-
diction is still reliable, even for a relatively dilute solu-
tion.

The results presented above demonstrate that linear
prediction provides a very robust method for mini-
mizing the time and maximizing the sensitivity of 2D
HSQC spectra. It might be argued that our results are

biased by the use of a test molecule with relatively low
molecular mass (300) and that the shorter 1H and 13C
relaxation rates of larger molecules might lead to less
satisfactory results with linear prediction. However,
based on earlier results, we are conÐdent that this is not
true. For example, Babcock et al.4 reported increased
resolution and sensitivity with linear prediction for
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512 W. F. REYNOLDS ET AL .

NOESY spectra of a nucleotide decamer. Similarly, we
have successfully used linear prediction for HMQC,
HMBC, COSY, TOCSY and ROESY spectra for a
number of compounds with molecular masses in excess
of 1000.19,20 For example, Fig. 6 shows three expan-
sions of crowded regions of a coupled HSQC spectrum
obtained for a saponin currently under investigation in

our laboratory.20 It consists of a triterpene with seven
saccharide units. The spectrum, obtained with 1024 f2data points and 256 time increments, with linear predic-
tion to 2048, covers the sugar region spectral( f1window 6300 Hz, spectral window 1770 Hz). Evenf2with such a large data set for a large natural product
(molecular mass [1600), individual chemical shifts can

Figure 6. Expanded contours plots illustrating spectrally crowded regions for a coupled HSQC spectrum of the saponin described in the
text. Each CH peak appears as an antiphase doublet with Filled contours are positive and open contours are negative.splitting ¼1J

CH
.
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ADVANTAGES AND LIMITATIONS OF FORWARD LINEAR PREDICTION 513

Figure 7. Typical DQ COSY cross peak (corresponding to for 1 with (a) experiment 12, (b) experiment 13, (c) experiment 12aH-6a/H-6b)
and (d) experiment 12b. Note the close similarity of the spectra in (a) and (d), corresponding to linear prediction to 2048 and 512,
respectively, with zero filling to 4096 in each case.

still be estimated for crowded spectral regions with the
aid of linear prediction.

Consideration of other 2D experiments

Unlike HSQC (and hybrid sequences such as HSQC
TOCSY), all of the other commonly used 2D experi-
ments for organic structure elucidation show 1H multi-
plet structure along Consequently, as we havef1.pointed out for HMQC,12 these sequences generally do
not show increased sensitivity with increasing linear
prediction beyond data point resolution comparable to
multiplet width. Nevertheless, our experience has been
that, for a given desired data point resolution, it is still

better to use linear prediction in order to save time or
improve sensitivity. To illustrate this, we obtained two
HMQC spectra for 1, using the full spectral windows
and respectively using 16 transients per increment with
256 increments predicted to 1024 and using four tran-
sients per increment with 1024 increments and no linear
prediction (experiments 10 and 11). All other param-
eters were identical with those used for experiments 4È9.
The average cross-section signal-to-noise ratio wasCH2160 : 1 for experiment 10 and 77 : 1 for experiment 11,
consistent with the expected twofold di†erence in sensi-
tivity. These values are ca. 70È80% of those obtained
for the corresponding HSQC spectra on the same
sample (see above), reÑecting the detrimental impact of
the increased HMQC multiplet width on signal-to-f1
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Figure 8. Absolute value COSY spectra for 1 obtained with (a) experiment 14, (b) experiment 14a, (c) experiment 14b and (d) experiment
14c. The spectrum in (b) (256 increments predicted to 1024) is clearly inferior to that in (a) (1024 increments), while that in (c) (512
increments predicted to 1024) is much closer to that in (a). Spectrum (d) illustrates the artifacts generated by extensive zero-filling (256f

1
increments with zero filling to 2048).

noise ratio. This di†erence becomes more pronounced
with increased linear prediction since the signal-to-noise
ratio continues to increase for the HSQC spectrum (see
Fig. 3) but actually decreases slightly for the HMQC
spectrum.

The HMBC experiment21 with its very wide 13C
spectral window, along with 1H multiplet structure
along represents a special case. Unlike other crossf1,peaks, cross peaks involving methyl singlets have no f1multiplet structure and consequently increase in
resolution and sensitivity with increasing linear predic-
tion up to at least 16-fold prediction. These cross peaks
are often important for structural and spectral assign-
ments of natural products, particularly in the case of
triterpenes.22h24 Consequently, it may be useful to

process HMBC spectra twice, once with fourfold linear
prediction for most CH and cross peaks but withCH2more extensive prediction for groups and otherCH3singlets.

Many of the 2D homonuclear correlation experi-
ments also beneÐt from linear prediction, e.g. NOESY.4
One sequence of this type which provides a particularly
rigorous test of linear prediction is the phase-sensitive
DQ COSY sequence.25 Cross peaks obtained with this
sequence consist of complex two-dimensional arrays of
closely spaced peaks, half positive in phase and half
negative. In order to test the ability of linear prediction
to reproduce these patterns, two double quantum
COSY spectra were obtained for the aliphatic region of
1, using the dilute (1.5 mg ml~1) sample. The spectral

( 1997 by John Wiley & Sons, Ltd. MAGNETIC RESONANCE IN CHEMISTRY, VOL. 35, 505È519 (1997)



ADVANTAGES AND LIMITATIONS OF FORWARD LINEAR PREDICTION 515

widths were identical along both axes (1770 Hz) and
2048 points were collected and zero-Ðlled to 4096.
Experiment 12 used eight transients per time increment
with 256 increments and linear prediction to 2048 (total
acquisition time 2 h 7 min). Experiment 13 also had
eight transients per time increment but 2048 increments
and no linear prediction (total acquisition time 21 h 35
min). zero Ðlling to 4096 was used in each case (i.e.f1better than 1 Hz data point resolution along each axis).
The two spectra were similar in quality, even though the
linearly predicted spectra took well under one eighth of
the time of the experiment without linear prediction.
Typical examples of complex cross peaks obtained for
the two spectra are illustrated in Fig. 7(a) and (b). It is
clear that eightfold linear prediction is capable of repro-
ducing even complex, tightly spaced two-dimensional
multiplet patterns.

By contrast, linear prediction does not work as well
for absolute COSY spectra. This is illustrated in Fig. 8.
Experiment 14 [Fig. 8(a)] used and spectralf1 f2windows of 3500 Hz, 1024 data points and 1024 time
increments (both zero Ðlled to 2048). The spectrum was
processed using the recommended26 pseudo-echo
weighting followed by triangular folding. Experiment
14a [Fig. 8(b)] was identical except that only the Ðrst
256 time increments were used and then linear predicted
to 1024. The spectrum in Fig. 8(b) is clearly inferior to
that in Fig. 8(a). Pseudo-echo processing produces a
weighted interferogram which has zero intensity at the
beginning and end of the evolution time with a
maximum near the middle. Thus, when only the Ðrst
quarter of the time increments are experimental, the
predicted time increments contribute far more to the
interferogram that the experimental points, in contrast
to earlier spectra. This problem could be overcome by
using the Ðrst 512 time increments, with linear predic-
tion to 1024. This spectrum [Fig. 8(c)] is almost identi-
cal with that in Fig. 8(a). Some cross peaks are slightly
weaker than in Fig. 8(a) but can be clearly observed by
a small increase in the vertical scale. Fourfold linear
prediction does work better if one uses a less extreme
weighting function such as Gaussian multiplication, but
at the expense of loss of resolution. Hence we suggest
that no more than twofold linear prediction should be
used for absolute value COSY spectra. This still rep-
resents a useful time saving.

Comparison of forward linear prediction with zerof
1Ðlling

In all of the spectra to date, linear prediction has been
accompanied with zero Ðlling to twice the number of
points, to allow use of all linear predicted points as real
points. Many reported studies used only zero Ðllingf1without any linear prediction. To compare with the
results presented above, a number of the spectra were
reprocessed using no linear prediction, but with zero
Ðlling to yield the same total number of points as used
previously. To begin, we reprocessed experiment 6 with
zero Ðlling in place of linear prediction. The initial pro-
cessing (experiment 6e) used all 256 increments with
zero Ðlling to 2048. Typical 13C cross-sections through
a speciÐc 1H signal (H-13) for experiment 6 with linear

prediction and for experiment 6e with only zero Ðlling
are compared in Fig. 9(a) and (b). The spectrum with
only zero Ðlling showed broader and less intense peaks
than that with linear prediction and individual cross-f1sections through speciÐc frequencies of experiment 6ef2showed signiÐcant truncation wiggles [e.g. see Fig.
9(b)]. The average signal-to-noise ratio for cross-13CH2sections was 79 : 1 with zero Ðlling compared with 122 : 1
with linear prediction. Hence linear prediction is clearly
superior in this case. In assessing this observation it
should be noted that we used the same Gaussianf1weighting for both spectra (see Experimental). Repro-
cessing experiment 6e with more severe Gaussian
weighting (0.009 s time constant in place of 0.036 s)
eliminated the wiggles but gave signiÐcantly broader
and less intense lines [see Fig. 9(c)]. Next, the same data
set was reprocessed using only the Ðrst 128 or the Ðrst
64 time increments with zero Ðlling to 2048
(experiments 6f and 6g). The spectral deterioration was
even more noticeable in these cases and very pro-
nounced truncation wiggles were observed. Similar
observations were made on reprocessing the spectrum
from experiment 9, using 256, 128 and 64 time
increments with zero Ðlling to 2048 (experiments 9aÈc).
Finally, the reprocessing of a number of stored HMBC
data sets which used 256 increments in conjunction with
25 000È28 000 Hz spectral windows consistentlyf1showed signiÐcant improvement in resolution and sensi-
tivity for fourfold linear prediction over zero Ðlling.

By contrast, the di†erence between linear prediction
and zero Ðlling is signiÐcantly less for more extensive
linear prediction. For example, when experiment 6 was
linearly predicted to 1024 with zero Ðlling to 8192
(experiment 6h), the sensitivity loss was less than 20%
(signal-to-noise ratio 202 : 1 compared with 239 : 1) rela-
tive to linear prediction to 4096 followed by zero Ðlling
to 8192 (experiment 6a). Typical 13C cross-sections for
experiments 6a and 6h are illustrated in Fig. 9(d) and
(e), respectively. Furthermore, the two spectra obtained
by the reprocessing of experiment 9 with linear predic-
tion to 4096 and zero Ðlling to 8192 (experiment 9d)
and with linear prediction to 1024 with zero Ðlling to
8192 (experiment 9e) had nearly identical signal-to-noise
ratios. The latter two spectra also showed only a one
third increases in sensitivity relative to experiment 9,
much less than the doubling of sensitivity for spectrum
6a compared with spectrum 6. Thus, for spectra with
marginal signal-to-noise ratios, it appears that little is
gained by linear prediction beyond a factor of four.

The most spectacular failure of zero Ðlling was
observed for the absolute value COSY spectrum. Rep-
rocessing of experiment 14, using the Ðrst 256 time
increments with zero Ðlling to 2048 gave the spectrum
illustrated in Fig. 8(d). It contains many spurious peaks.
The nature of the weighting function used (see above)
meant that the weighted interferogram was severely
truncated. This led to intense truncation wiggles which
appeared as ridges in the absolute value display. Int1turn, these lead to the spurious cross peaks after tri-
angular folding. Hence zero Ðlling beyond a factor of
two is not recommended for absolute value COSY
spectra. By contrast, reprocessing of the DQ COSY
spectrum from experiment 12 using zero Ðlling from 256
to 4096 with no linear prediction (experiment 12a) gave

( 1997 by John Wiley & Sons Ltd. MAGNETIC RESONANCE IN CHEMISTRY, VOL. 35, 505È519 (1997)



516 W. F. REYNOLDS ET AL .

Figure 9. 13C cross-sections through the chemical shifts of H-13 of 1 for spectra with varying degrees of linear prediction, zero filling and
Gaussian multiplication: (a) 256 increments with linear prediction to 1024 and zero filling to 2048, Gaussian time constant ¼0.036 s
(experiment 6) ; (b) 256 increments with zero filling to 2048, Gaussian time constant ¼0.036 s (experiment 6e) ; (c) repeat of experiment 6e
with Gaussian time constant ¼0.009 s ; (d) 256 increments with linear prediction to 4096 and zero filling to 8192, Gaussian time
constant ¼0.144 s (experiment 6b) ; (e) 256 increments with linear prediction to 1024 and zero filling to 8192, Gaussian time
constant ¼0.144 s (experiment 6h).

a spectrum [Fig. 7(c)] which was only marginally infe-
rior to that from experiment 12 with linear prediction to
2048 [Fig. 7(a)]. When experiment 12 was reprocessed,
using linear prediction to only 512 points, followed by
zero Ðlling to 4096 (experiment 12b), the resultant spec-
trum [Fig. 7(d)] was essentially indistinguishable from
that in Fig. 7(a). Inspection of the raw interferograms
showed that most of the signal intensity had decayed
away by 256 increments, reÑecting the narrow spectral
window (1770 Hz) and consequent long evolution time
(0.15 s). Thus, with 2048 real points along each axis, the
data point resolution is signiÐcantly less than the line-
widths.

Based on these observations, one can conclude that
the advantages of linear prediction over zero Ðlling are
greatest when the interferograms are signiÐcantly trun-
cated but that these advantages become smaller as the
signal level at the end of the evolution time (with or
without linear prediction) approaches the noise level.
This limit, which depends on the maximum evolutionf1time, the relaxation time and the inherent signal-to-T 2noise ratio of the experiment, is usually reached when
the data point resolution approaches the natural line-f1widths, but sooner for weak spectra such as in experi-
ment 9. Hence it is best to use linear prediction up to
this limit with zero Ðlling used beyond this point if
better data point resolution is required.

linear prediction and linear prediction along both axesf
2

There are obvious advantages to linear predictionf1since doubling the number of acquired increments auto-

matically doubles the total acquisition time. However,
this is not generally true for The actual acquisitionf2 .
time is usually only a small fraction of the total experi-
ment time and thus the number of data points can bef2increased signiÐcantly with minimal impact on the total
experiment time. The exception to this is provided by
HSQC and HMQC spectra, which require 13C decoup-
ling during acquisition. In these cases, the necessity for
keeping the decoupler duty cycle low to minimize
thermal gradients in the sample means that an increased
acquisition time must usually be accompanied by an
increased preacquisition delay and consequent signiÐ-
cant increase in the total experiment time. To test
whether there would be advantages in linear predic-f2tion under these circumstances, the data set from
experiment 5 (four transients per increment and 1024
time increments) was reprocessed using linear predic-f2tion to 1024 points from 512 (experiment 5a). The CH2cross-sections for the latter data set showed increased f2resolution but with a small loss in overall sensitivity.
However, linear prediction without simultaneousf2 f1linear prediction sacriÐces the advantages of the latter.
Since the spectrometer software allows linear prediction
along both axes, this was tested for the data set from
experiment 6 using linear prediction to 1024 along both
axes (experiment 6i). A contour plot showed noticeable
losses of sensitivity, resolution and precision of peak
position compared with a spectrum with only linearf1prediction (experiment 6). There are two main problems
with linear prediction. First, the narrow spectralf2 f2window results in a sufficiently long acquisition time
that most of the signal has decayed away before the
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start of linear prediction. The second and more serious
problem is that each FID contains cosine and sine com-
ponents corresponding to all frequencies. By contrast,f2the interferograms have far fewer frequencies com-f1ponents, i.e. only those associated with one speciÐc f2frequency. Hence forward linear prediction is inher-f2ently more difficult than linear prediction. This sug-f1gested that additional zero Ðlling might be a viable
alternative in this case. To test this, experiment 6 was
reprocessed with the 512 data points zero Ðlled to 2048
and with 256 time increments linear predicted to 1024
and zero Ðlled to 2048 (experiment 6j). A contour plot

for a expanded region of the spectrum is illustrated in
Fig. 10 with a cross-sectional plot for C-1 above the
contour plot. This shows somewhat improved
resolution compared with a similar plot from experi-
ment 6, owing to the improved deÐnition of multiplet
structure with additional points combined with the use
of a less severe weighting function. The average signal-
to-noise ratio also improved from 122 : 1 to 152 : 1.
Thus, in contrast to processing, modest zero Ðllingf1seem to be better than linear prediction for pro-f2cessing. However, if excellent resolution is requiredf2for an HMQC or HSQC spectrum, it is probably better

Figure 10. Contour plot of a region of the HSQC spectrum of 1 obtained with experiment 6j. The cross-sectional plots above the contour
plot are for C-1, showing the improved resolution with zero filling to 2048 Ícross-section (a), experiment 6jË vs . zero filling to only 1024f

2
Ícross-section (b), experiment 6Ë.
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to run a 13C coupled spectrum12,27 since more data
points can be acquired with a relatively short pre-
acquisition delay.

CONCLUSION

It has been conÐrmed that forward linear predictionf1is a powerful technique for improving resolution and/or
sensitivity of routine 2D spectra, and also as for mini-
mizing the time needed to acquire spectra of the desired
quality. For 1H-detected 13CÈ1H shift correlation
sequences, the optimum number of increments appears
to be 256 in most cases. With this number of
increments, linear prediction seems surprisinglyf1robust, with HSQC spectra showing improved
resolution and sensitivity, and also accurate prediction
of 13C chemical shifts, up to 16-fold linear prediction.
With the exception of absolute value COSY spectra,
other 2D spectra show improvements out to at least
fourfold linear prediction. Fourfold forward linearf1prediction gives better results than the corresponding
amount of zero Ðlling in almost all cases. In view of the
obvious advantages of forward linear prediction forf12D NMR, we strongly encourage its regular use. By
contrast, forward linear prediction is not advanta-f2geous but modest zero Ðlling may yield improvedf2results.

EXPERIMENTAL

All spectra were obtained on a Varian UNITY 500
spectrometer equipped with a 5 mm inverse detection
probe (1H 90¡ pulse width \ 9.5 ls, 13C decoupler pulse
width \ 9.4 ls) and operating at 25 ¡C. All spectra were
acquired without sample spinning, using the hyper-

complex method28 to acquire phase-sensitive spectra.
HSQC and HMQC spectra were acquired using a pre-
acquisition delay of 1.6 s and a BIRD nulling delay of
0.4 s. GARP 13C decoupling29 was used during acquisi-
tion. The coupled HSQC spectrum for the saponin was
acquired with a BIRD nulling delay of 0.25 s and a pre-
acquisition delay of 0.6 s. The DQ COSY spectra was
acquired using a preacquisition delay of 1.6 s with a
homospoil pulse applied during the delay to destroy
residual magnitization.

Gaussian weighting functions were used for both axes
of the phase-sensitive 2D spectra, with the functions
matched to the acquisition time or the evolution time
(with or without linear prediction and/or zero Ðlling).
This was done using the interactive software which dis-
plays the FID or interferogram with the shape of the
weighting function superimposed. The latter was adjust-
ed to approach zero at the end of the acquisition or
evolution time. This typically involved using a Gaussian
time constant which was 0.6 times the acquisition or
evolution time. Linear prediction was carried out using
standard Varian software which is based on the algo-
rithm of Barkhuisjen et al.1 The latter is a linear least-
squares procedure based on singular value
decomposition. Linear prediction for HSQC and
HMQC spectra assumed up to eight peaks per fre-f2quency, while the linear predicted DQ COSY and
absolute value COSY spectra allowed for up to 32
peaks per frequency.f2
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