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The theory of the multidimensional filter diagonalization
method (FDM) described in the previous paper (V. A. Mandelsh-
tam, 2000, J. Magn. Reson. 144, 343–356 (2000)) is applied to

MR time signals with up to four independent time variables.
irect projections of the multidimensional time signals produce
ew kinds of 2D spectra. The resolution obtained by FDM can be
ar superior to that obtained by conventional phase-sensitive FT
rocessing, and correlation peaks in heteronuclear and homo-
uclear experiments can be condensed to sharp singlets, removing
ll spin–spin couplings. Examples of singlet-HSQC and singlet-

TOCSY spectra show big gains in resolution. It is not necessary to
have a finely digitized spectrum, in which the individual multiplet
components are resolved, for the methods to work. Examples of
FDM spectra, ranging from simple organic molecules and steroids
to metalloproteins, are shown. © 2000 Academic Press

INTRODUCTION

The two fundamental problems of resolution and sensit
continue to attract the attention of NMR spectroscopists
fronting difficult, crowded spectra of small amounts of m
rial. Gains in sensitivity accompany each new advance in N
probe technology, radiofrequency (RF) preamplifier des
and attainable magnetic field strength. By contrast, funda
tal resolution is now limited solely by advances in high-fi
magnet technology. Engineering advances in probe d
have delivered a factor of 2 improvement in sensitivity du
the last decade of this century, with cooled probe assem
offering the promise of an additional gain of about 4. Howe
the highest attainable stable, homogeneous magnetic fiel
only about 25% greater over the same time frame, and the
of such magnets is expected to remain extremely high.

Two-dimensional (2D) Fourier transform (FT) NMR, as
well known, can offer a tremendous improvement ineffective
esolution by dispersing overlapping peaks into another
uency dimension (1). The increase in experiment time is a

price to pay for the ability to tease out overlapping multipl
determine connectivity, and make the necessary assignm
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However, resolution in the interferometric (or indirect) dim
sion is limited not only by the magnet field strength, but als
the time–frequency uncertainty principle, which is part
parcel of FT signal analysis. Other limitations may include
unfavorable “phase-twist” lineshape (2) that arises from
purely phase-modulated set, as in homonuclear 2DJ spectros
copy (3). Pressure on instrument time means that it is rare
ever, possible to achieve the instrumental linewidth in
interferometric dimension of a 2D experiment, especiall
proton-detected heteronuclear experiments like HSQC (4). For
example, a 1-Hz carbon-13 linewidth, typical of a nat
product, would require an approximate 1-s acquisition
which, at 500 MHz, might translate into 20,000 increme
Higher magnetic field strengths exacerbate the problem
increasing the spectral width linearly, so that a 2-h 2D ex
iment at 400 MHz can become a 4-h 2D experiment at
MHz if equal digitization in the frequency domain is desir
Even if experiment time is not a strict constraint, there
further dark side to long acquisition times in an indirect
mension: overall sensitivity falls rapidly as the tail of the de
is sampled (1, 5). In 3D (6) and 4D (7) experiments thes
problems are compounded multiplicatively, so that linewi
in each indirect dimension are dictated nearly completel
the time–frequency uncertainty principle.

One solution is to use selective pulses to excite only a s
line (9, 10) or a narrow band (11–14) of signals, reducing th
required number of increments. The excitation sculpting t
nique (15, 16) is particularly advantageous for these appl
tions (17, 18) because of the high out-of-band suppres
ratios and well-behaved phase properties of a double p
field gradient spin echo. Nevertheless, selective experim
usually capture only a fraction of the available information,
typically more labor intensive to set up and run, and somet
hinge on information that is obtained from an initial surv
mode spectrum. Finally, long acquisition times in an indi
dimension will still lead to poor absolute sensitivity, even if
relative number of increments is fewer.

In this paper we outline an alternative strategy which
some sense,converts sensitivity into resolution.By using thedu.
1090-7807/00 $35.00
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358 HU ET AL.
multidimensional filter diagonalization method (FDM) to
tain a parametric nonlinear fit of the multidimensional t
signal, the limitations of the time–frequency uncertainty p
ciple can be sidestepped. The success of the method depe
some extent on the type of experiment and the intrinsic s
tivity, as noise will not fit any deterministic model. Howev
with adequate sensitivity the gains are very noteworthy, al
ing us to contemplate high-dimensional experiments that
never held any attraction previously. With the advent of FD
sensitivity will thus become even more important than in
past, as with adequate sensitivity on the first few time in
ments the entire spectrum can, in some cases, be obtaine
ability to avoid sampling the tail of the interferogram, in tu
improves the theoretical sensitivity of the experiment furt
allowing some 3D and 4D spectra to be collected in a s
fraction of the expected time. As sensitivity has been imp
ing at a faster rate than resolution, the emergence of
seems to be a particularly well timed development.

THEORY

The filter diagonalization method was first introduced
Wall and Neuhauser (19). Their interest was in the context
ime-dependent quantum dynamics calculations. The inn
ion was rapidly appreciated (20) and subsequently made n
erically more efficient (21). Applications to 1D NMR expe

ments led to the further development (22) of FDM, including
he idea of “averaging” several calculations. Application
ultidimensional FDM to model signals (23) and to 2D ex
eriments (24–26) showed promise, but also revealed so
idden difficulties (26) in the simultaneous identification of t
airs of frequencies that specify a 2D peak, difficulties w
ave only recently been handled fully adequately (27). Projec-

ions of time signals to lower-dimensionality spectra have
een found useful (28). The theoretical description of multid
ensional FDM is to be found in the companion paper (29),
aper I, allowing us to telescope the treatment here into a
ummary. The reader more interested in the theoretical u
innings is referred to Paper I (29).
There are several salient points that need to be made.

DM is, fundamentally, an extremely efficient, numeric
table way to fit the NMR time-domain data to a sum
amped sinusoids. This fitting is accomplished locally ov
mall region in frequency; the entire spectral range is treat
sing small, overlapping frequency domains. Second, in F

he different spectral dimensions are not independent, allo
nformation along one direction to improve the quality of
verall fit, and hence improve the situation in some o
imension. That is, in FDM it is integralD-dimensional fea

ures that are identified using all the available information.
pproach is thus rather different than, e.g., piecemeal an
f each dimension separately. Third, FDM is a linear algeb

echnique, so that the existence and uniqueness of the r
re usually guaranteed and problems with nonconvergen
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he algorithm are obviated. Fourth, FDM operates on pu
hase-modulated data. It is not necessary to acquire the
airs of sin- and cos- orN- and P-type signals. Fifth, it i
nnecessary to know (or attempt to guess) the “true” numb
eaks that are present. Finally, FDM is numerically efficien

he sense that, with correct numerical implementation,
lgorithm shows quasi-linear scaling with respect to the
umber of data points.
The fact that resolution can apparently improve by samp

long a completely different and unrelated dimension is on
he most counterintuitive features of FDM, and also one o
ost desirable. This advantage compared to convention
nalysis can depend on how well the signal is modeled
um of damped sinusoids. Roughly speaking, in orde
chieve a good fit it is important to have an overdeterm
ystem, in which the true number of peaks, including nois
ominated by the total measured signal. Thus, spectra in w

he final number of displayed peaks is small and the noi
ow can be processed with great advantage. Spectra with
tationary frequencies, high noise levels, or severe dep
rom Lorentzian lineshape are more problematical.

The generalD-dimensional case is rather involved (29), so
e will focus immediately on the interesting caseD 5 2,
hich shows some of the difficulties not present in the 1D

22). The central quantum mechanical ansatz of FDM i
ssociate the measured signalC(n1, n2) with a two-dimen-

sional time autocorrelation function of two commuting co
plex symmetric Hamiltonians

C~n1, n2! 5 ~F0ue2in1t1V̂1e2in2t2V̂2F0! [1]

with the result that the task of fitting the signal to tw
dimensional (phase-twist) lines is replaced with that of di
nalizing the evolution operators, exp(2it lV̂ l) of Eq. [1]. The
corresponding matrix representations of these operator
signals of interest can be as large as 106 3 106, necessitating
clever strategy to diagonalize them. In the most straightfor
formulation of FDM, the diagonalization is achieved by
setting up a localized Fourier basis to calculate the m
elements of the evolution operators over a small 2D regio
frequency space [f 1min, f 1max] 3 [ f 2min, f 2max], producing asmall
matrix problem, and (ii) using standard library routines to s
this generalized eigenvalue problem (29). The result is a list o
eigenvalues and eigenvectors, ofV̂1 andV̂2, for features within
the chosen region. Accuracy at the edges of the regio
imperfect, necessitating overlapping windows to proces
full spectral width. The total number of basis functions in
window is the product of the number allowed along the
responding region in each frequency dimension. This num
in turn, is dictated by the length of the measured signal in
dimension, and is around half of the total number of points
would appear in the FT spectrum of the same signal, wit
zero-filling. While this localized Fourier basis is the simples
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359THE MULTIDIMENSIONAL FILTER DIAGONALIZATION METHOD, II
understand, we note that more subtle basis sets can be c
if very wide lines and/or large background signals are pre
(30).

For a simulated signal exactly matching the model of
crete, purely Lorentzian features, FDM can extract, exactly
correct spectral representation of aD-dimensional time sign
provided that the total number of time points is sufficient.
exact “line list” (22, 29) can be extracted as well provided t
a couple of usually weak conditions are met. When the
nonnegligible noise, the problem of identifying, or assign
pairs of frequencies is nontrivial. This makes a correct line
more difficult to obtain directly. The source of the problem
that the eigenvectors forV̂1 andV̂2 become inequivalent. Th
noise present in the signal destroys the commutativity o
matrix representations, of these operators, that can be
puted from the FID. However, a decent spectral represen
of the data can still be obtained, by a direct formula in term
Green’s functions (27, 29) as shown in Paper I. It is al
possible to compute what we termdirect projections that
correspond to linear combinations ofV̂1 andV̂2. In particular
for 2D J spectroscopy the 45° projection alongV̂1 2 V̂2 is
useful (28) for producing a proton-decoupled proton spect
(3) without the usual lineshape problems. The beauty of
formulation is that a direct variational calculation is perform
for the frequencies of interest, rather than constructin
entire 2D spectrum first, andthenmaking a projection of th
frequency data. The numerical aspects of direct projection
complicated, and are treated in detail in Paper I.

One of the distinct strengths of FDM is that a numbe
different calculations can be carried out using slightly diffe
subsets of the data, different window sizes, etc., followe
either comparing or coadding the results. This kind of ave
ing tends to reinforce features that fit the model well
deemphasize noise or unwanted artifacts that are sensit
any change in the parameters of the calculation. It is
illustrated by example spectra. The spectra shown here
except where noted, all the result of several coadded
calculations, using different numbers of points along the
ning time, and are all what we have previously termed “ers
spectra. That is, they are purely synthetic spectra calcula
a deterministic way from the lists of eigenvalues and ei
vectors. Any feature not picked up by FDM would thus “d
appear” from the computed spectrum. Likewise, any fea
that can only be imperfectly fit as a linear combination
Lorentzian peaks would appear distorted. It is possibl
ameliorate these potential problems by computing a “hyb
spectrum (19, 23, 25) in which the FT of any residual diffe
ence between the calculated fit and the experimental d
added to the ersatz spectrum. However, in most case
hybrid spectrum is superfluous, as the ersatz spectrum
contains all the relevant information. Also, when truncatio
severe, the residual difference needs to be apodized
strongly, which in turn can limit the utility of the “correction
sen
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-
e

t
is
,
t

e
m-
on
f

is
d
n

re

f
t
y

g-
d
to

st
re,
M
-

z”
in
-

-
re
f
to
”

is
the
elf
s
ite

EXPERIMENTAL

Spectra were obtained on a Varian UnityPlus 500-M
spectrometer using a Varian triple-resonance probe w
shielded PFG coil to supply gradients of up to 30 G/cm a
the z axis. The field was manually shimmed, with no spe
precautions taken to obtain exceptional lineshape, alth
receiver gain was optimized to fill the 16-bit ADC regist
completely. No oversampling or digital filtering was used.
typical sensitivity obtained on this 6-year-old probe is 440:
a standard ethylbenzene sample, almost a factor of 2 w
than current probes can deliver. As FDM performs best w
the noise level is not too high, the success of the experim
under these conditions is encouraging.

Heteronuclear Chemical Shift Correlation Spectra

It is particularly illustrative to examine the performance
2D FDM on heteronuclear 2D spectra in which the numbe
increments will almost always result in significant truncat
Figure 1 shows a comparison of some15N HMQC spectra o
the metalloprotein rubredoxin (31, 32) obtained with a mod
fied pulse sequence (33) that suppresses the (poorly resolv
Ha–NH splitting. The FT spectrum was obtained in “over
mode” using 512 increments to digitize the15N spectral width
very finely. The averaged FDM spectra are obtained with
or 16 increments. The convergence of the features in the
spectrum is completely different than that obtained by
analysis of such truncated signals. Features that are rela
sharp and isolated, like the high-field resonance, are obt
essentially immediately. This fast convergence occurs be
the local density of basis functions, in a window around
peak in question, is high enough to result in a very good
the data, with smaller components to fit the noise. On the
hand, peaks that are crowded, such as the four crowde
tures near 114 ppm in the15N dimension, cannot be resolv
with such a short acquisition. The number of allowed b
functions, according to the criteria discussed above, may
ally be less than the number of peaks to be fit, so that the
is the best fit obtained using, say, only three peaks.
observation, namely that it is more difficult to resolve clos
spaced peaks than to obtain a narrower linewidth for an
lated peak, is a good check on claims of improved resolu
by any algorithm. There are ways to check the convergen
FDM, one of the most straightforward being to compute s
tra from signals of different lengths in the indirect dimens
and visually inspect the results. Once a feature has stab
it acquires an added measure of reliability. Of course
always possible that an apparent singlet consists of two cl
spaced peaks, with a splitting much smaller than can b
solved.

The important role of averaging is illustrated by the spe
in Fig. 2. The first two panels are FDM ersatz HMQC spe
of rubredoxin using 323 60 and 323 100 points for th
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360 HU ET AL.
calculation, respectively. In addition to the expected pe
there is a host of smaller artifacts that appear (29) and are
natural outcome of the Green’s function formula used to c
pute the spectrum from the two distinct lists of eigenvalue
V̂1 andV̂2, respectively. These small peaks can be viewe
the result of a combination of any departure from a pu
Lorentzian noise-free signal, and the use of a formally inc
plete basis. If the operatorsV̂1 andV̂2 could be simultaneous
diagonalized, the artifacts would vanish. However, when
matrix representations of the operators in the window bas
not commute, such simultaneous diagonalization is not p
ble. Fortunately, in the two calculations the artifacts sho
random appearance in both position and phase: They ma
be reduced by simply coadding the ersatz spectra from d
ent calculations. The third spectrum shows the FDM e
spectrum obtained by coaddition of 26 calculations, 33

FIG. 1. 15N–1H HMQC spectra of nitrogen-15-labeled (100%) rubred
panel shows the FT spectrum obtained with 512 increments and minim
was employed. The other three panels show the (averaged) FDM ersat
resolved, with a denser cluster near (7.4,114) ppm. These features sta
s,
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60 . . . 323 100, in which the stable, true peaks have surv
and the direct product peaks have been attenuated. Com
to an FT spectrum, which requires a minimum of 128 poin
factor of at least 4, and possibly 6, in time for data acquis
is obtained. This factor could be radically improved by “zoo
ing in” on the crowded region in the nitrogen-15 using e
tation sculpting to discard all peaks outside. Two spectra,
only four increments each, could then suffice to characteriz
the information.

Averaging, as described above, is a numerically expe
option that may not always be applicable, and we would p
to avoid it altogether. However, attempting to discard
artifacts according to some prespecified criterion has not
particularly promising. For one thing, the genuine features
also be slightly distorted in any single realization of the er
spectrum, and so one would also need to correctthemafter

n, a 4.5-kDa metalloprotein, obtained in 90% H2O/10%D2O at 25°C. The top le
podization in the15N dimension. A 10-Hz line broadening in the proton dimen

pectra obtained with only 4, 8, or 16 points. Most of the resonances arey
emerge more clearly in the 16-point spectrum.
oxi
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z s
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361THE MULTIDIMENSIONAL FILTER DIAGONALIZATION METHOD, II
purging the unwanted peaks. Attempting to identifypairs of
igenvalues, and so eliminate the artifacts up front, is a la

ory goal (24, 26) that unfortunately is still slightly out of rea
or all except the most ideal signals. In addition, such a sch
ould become ever more tedious to implement in hig
imensional spectra. Other methods to regularize the spe
ill be discussed in future publications.

SQC and Singlet-HSQC Spectra

The potential of multidimensional FDM can be brought
tark relief by calculating a phase-sensitive absorption-m
rsatz spectrum that would be exceedingly difficult to ob
therwise, and that will prove to be useful for the analysi
edium-sized organic molecules. The spectrum incorpo
ll the features discussed previously: absorption-mode sp

rom purely phase-modulated signals, resolution that fa
eeds that expected according to the time–frequency u
ainty principle, and direct projection along a nontrivial ti
irection to achieve radical simplification of the spectrum.
all the resulting 2D spectrum asinglet-HSQC spectrum, a
ach C–H correlation appears as a single resonance
oordinates of their respective chemical shifts.
The pulse sequence timing diagram is shown in Fig. 3.
slightly modified HSQC sequence (4) using gradient sele

ion (34) of the desired coherence transfer pathway (35). All
hase shifts in the carbon-13 dimension are removed by

CLUB sandwich (36) for phase encoding rather than
onventional PFG. The open icons are 180° pulses. The s
cons signify high-power constant-amplitude frequency-m
ated inversion pulses of duration 60ms on 1H and 112ms on

13C, and have been described previously (24, 36). Following

FIG. 2. The importance of averaging. The same data as Fig. 1 is sh
from a single calculation using either 60 points or 100 points along the pr
mall peaks arise from the formula used to compute the 2D ersatz spe
nterval. It compares favorably with the fully converged FT spectrum.
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he reverse polarization transfer step, an additional (do
pin echo adds a homonuclearJ dimension (heret 3 andF 3),

after which the decoding PFG and rephasing of the direc
coupling are included as usual. Potential diffusion losses c
accrue if the total time between the PFG encode/decode
is too long. However, only a shortJ evolution time of maxi
mum 20 ms is required, corresponding to a single nonzero
delay for the 50-Hz spectral width in theJ dimension, so th
diffusion losses are negligible with the gradient strengths

n, now with 32 increments. The two left-hand plots show the FDM ersa
n direction. Small artifacts, many of which are out of phase, appear as steaks. Thes
um. The third spectrum results from the addition of 21 ersatz spectrais

FIG. 3. Pulse sequence timing diagram for the HSQC-J experiment tha
yields asinglet-HSQC spectrum. Solid and open icons are conventiona
and 180° pulses. The 90° pulse width was 10ms on protons and 14ms on
arbon-13. The scored icons are full-power constant-amplitude FM pulse
elayt 5 1/41JCH was set to 1.8 ms. The CLUB sandwich uses two pai
ntiphase gradients to encode the carbon-13 magnetization. These fou
ave, in absolute value, four times the area of the single decode PFG a
fter the final FM 180° pulses.
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362 HU ET AL.
ployed. Carbon-13 decoupling is only initiated at the begin
of acquisition, as it can interfere with proper echo format

Figure 4 shows a natural abundance (3-1)-dimensionasin-
glet-HSQC spectrum of progesterone, in which the nota
(n 2 m) denotes the dimensionality of the time-domain d
(n) and frequency-domain data (n 2 m). Two purely phase
modulated HSQC spectra (t 3 5 0 andt 3 5 20 ms) each wit

2 5 64 increments over a spectral width of 8625 Hz in
carbon-13 dimension were obtained and the Green’s fun
spectral representation was calculated using 50 FDM co
tations with proton pointsN1 5 502, 504, . . . , 600(aver-
aged together) to obtain the displayed result. All proton–pr
couplings have been removed, leading to a radical impr
ment in resolution. Strong coupling effects are notice
absent in the spectrum, even though progesterone has
protons within a narrow chemical shift range. The lack
strong coupling effects arises from several factors. First,
netization transfer from a directly attached proton to a neig
by the mixing effect of a 180° pulse to a strongly coupled
system may not result in a detectable signal in the natura13C

bundance case because the signal may remain antiphas
espect to the carbon-13 coupling. Second, in FDM a ph
ensitive projection is obtained: the strong coupling artif
ave both algebraic signs, and tend to project to zero m
ore readily than in absolute-value FT projections that
ore familiar.
The overlay of Fig. 5 shows a zoomed spectral re

round the low-field methyl-21 group. The light gray traces
ontours from the absolute-value FFT spectrum with 64 in
ents in the carbon-13 dimension, using only the first poi

he J dimension. The resolution is poor on account of
hase-twist lineshape and the rather scant digital resolu

FIG. 4. The singlet-HSQC spectrum of progesterone, obtained using
pulse sequence of Fig. 3. The 3D data set consisted of 10243 64 3 2 in the

roton, carbon-13, and protonJ dimensions, respectively. The spectrum
urely phase modulated in each of the indirect dimensions. The broad
ultiplets characteristic of the extended network of spin–spin coupling i

teroid have been condensed to nearly structureless singlets at the app
hemical shifts.
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The sharp black contours are from thesinglet-HSQC spectrum
sing bothJ points. Note that this spectrum can be acquire

he same time as a conventional phase-sensitive spectru
e do not have to obtain pairedN- andP-type data sets. Th

absolute-value 45° FFT projection would show truly aw
resolution of at least 100 Hz in the proton dimension from
projection of a 3D phase twist. Yet, using this same d
multidimensional FDM delivers a beautiful high-resolut
decoupled spectrum, with very sharp lines. Note how
information content of the time signal, in aggregate, tha
important for the FDM processing. An additional dimens
even one that would be essentially worthless in an FT con
can still be very useful in multidimensional FDM. The i
provement shown is not “cosmetic,” as there is no easy w
divine the true number of signals present, even in a ph
sensitive FT spectrum, using only 64 increments. In the a
lute-value FT spectrum, there is only the roughest indicatio
the underlying structure in the crowded regions, and no w
conclusively identify the peaks.

Figure 6 shows a comparison of one vertical trace and
horizontal trace from the data in Fig. 5, except that bothN- and
P-type data sets were combined in the usual way to obta
absorption-mode FT spectrum. The vertical trace show
improvement in resolution along the carbon-13 dimens
while the horizontal trace illustrates the collapse of the pr
multiplets for a pair of inequivalent methylene protons.
resolution is markedly improved, as expected from the con
plot. The resonances have different widths but similar
volume integrals. Using only a singleJ increment, the projec
tion produces a close cluster of nearly degenerate pole
each peak, with each pole having slightly different linewidt
appears that wider and more complex proton multiplets
harder to “decouple” although no spurious splittings app
Given results like these on an organic molecule of mo

FIG. 5. A comparison of the absolute-value 1024 x 64 conventi
HSQC spectrum (light gray contours) with thesinglet-HSQC spectrum wa
obtained as described in the text using 50 FDM calculations 5023 64 3

, . . . , 6003 64 3 2 on a subset of the data (narrow black contours). T
s nothing special about this choice of parameters for averaging, wi
ttempt being made to optimize them. Similar results are obtained using
0 coadded ersatz spectra. Every peak is correctly identified, and the im
ent in resolution is remarkable.
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363THE MULTIDIMENSIONAL FILTER DIAGONALIZATION METHOD, II
complexity, we foresee thesinglet-HSQC spectrum as perha
one of the most attractive new experiments to employ
routine characterization whenever enough material is ava
to achieve decent signal-to-noise ratio.

Homonuclear Correlation Spectra: Singlet-TOCSY

In 2D correlation spectra like TOCSY, the telltale cr
peaks invariably consist of a cluster of closely spaced mul
components. If the mixing sequence produces a nearly
isotropic average Hamiltonian#* 5 * J as, for example, th
DIPSI-2 sequence (37, 38) does, then not all the transitio

ithin the 2D multiplets of simple spin systems are of eq
ntensity (39). However, pulse imperfections, and spin-lock
egments used to purge out-of-phase magnetization, can l
lmost all the possible lines appearing, giving wide rectang
ultiplet patterns in practice. We show here how these
ultiplets can be condensed to singlets using multidimens
DM.
A substantial improvement in resolution would result if
ultiplets could be “decoupled” in both dimensions, leadin

harp singlets at the intersection of the corresponding che
hifts of the two spins involved, and with intensity that is
ntegral of the entire multiplet. Decoupling the diagonal pe
ould help to improve the resolution near the diagonal, as
his decoupling in both dimensions can be achieved by

FIG. 6. Traces extracted from the 2D spectrum shown in Fig. 5. The
the proton shift of 2.36 ppm, where there are two rather closely spaced c
dimension, at the carbon-13 shift of 38.49 ppm, where a pair of ineq
singlet-HSQC makes assignment and measurement of the chemical sh
Hz smoothing, although there is no evidence for any residual multiplet
r
le

s
et
re

l

d to
ar
D
al

o
cal

s
ll.
n-

ucting a 4D time-domain experiment we callJ-TOCSY-J, in
which there is a homonuclearJ dimension prior to each of th
normal time dimensions in a conventional TOCSY experim
A double 45° projection of the 4D time signal then leads
(4-2)D result we callsinglet-TOCSY.

Figure 7 shows the pulse sequence timing diagram fo
J-TOCSY-J experiment, with Fig. 8 displaying a prelimina
application of the experiment to a trivial case of three we
coupled protons. It is possible to decouple each dimen
separately, or both together, from one 4D time signal. Note
the TOCSY spectrum has many exactly degenerate pea

t-hand pair shows the conventional FFT (top) and FDM (bottom) vertica
n-13 resonances. The right-hand pair shows the improved resolution alothe proton

alent methylene protons are seen. The collapse of the multiplet stru
a fairly easy job. The two protons have somewhat different linewidths,
cture on either line.

FIG. 7. Pulse sequence timing diagram for theJ-TOCSY-J experiment
apable of producing asinglet-TOCSY spectrum. The sequence is a con

tional TOCSY sequence with short purging sections that consist of ay-phase
spin lock and a short Tr-ROESY sequence. The purging makes the co
tional TOCSY spectrum more appealing cosmetically, as most disp
contributions are removed. The PFG is about 0.5 G/cm, ramped up duri
purging and maintained during the DIPSI-2 sequence.
lef
arbo
uiv

ifts
stru



en
im
ng
eit
r t
s,
ith
to

r rs
c iple
c ith

o
s ethod
a

the
c
T sion
t pled
s pear-
a mplex
f idths,
i

field during
nvention

r
ling

F rs without
u j
e se

364 HU ET AL.
that it is impossible to use a very small number of increm
in the usual indirect chemical shift dimension, as is somet
possible in the HSQC case, because we are attempti
quantify several degenerate peaks. Nevertheless, it is n
necessary to fully resolve the 2D multiplet structure, no
have purged spectra without any dispersive component
the experiment to succeed. We obtained similar results w
conventionalz-TOCSY (40) experiment without any attempt
emove zero-quantum coherence. Any antiphase dispe
omponents tend to project to a null signal when the mult
ollapses. TheJ dimensions can, in principle, be obtained w

FIG. 8. Successive simplification of 2D TOCSY spectra. All the spec
the mixing time. The spin lock is 40 ms, the Tr-ROESY purging sequence
phase-sensitive 2D TOCSY spectrum obtained with a data matrix of 80
transformation. Gaussian apodization has been employed to attenuate

2, and, finally, bothF 1 andF 2. (HereF 1 is the running time.) As described
sing prohibitively high digital resolution. The unsmoothed ersatz spectr
achJ dimension subtracts both frequenciesandwidths (the frequencies in F

phase-sensitive spectra are, of course, impossible to obtain with FT pr
ts
es

to
her
o
for
a

ive
t

nly a single nonzero increment, so that onlythree2D TOCSY
pectra are required to obtain the singlet spectrum, the m
ctually used in Fig. 8.
In Fig. 9 corresponding vertical cross sections through

entral part of the central triplet, in the TOCSY andsinglet-
OCSY spectra, are compared. Along the indirect dimen

he multiplet components are not resolved. In the decou
pectra enough smoothing is applied to get a decent ap
nce. This is necessary because the subtraction of co

requencies leads to a subtraction of the corresponding w
.e., the difference between the linewidth in theJ dimension

have been obtained with the pulse sequence of Fig. 7 using a 5-kHz RF
5 ms, and mixing time for DIPSI-2 is 53 ms. The upper left panel is the coal
Ds, each 200 complex points in length, zero-filled to 2563 1024 prior to Fourie
truncation artifacts. The other three panels show the effect of decoupalongF 1,

the text, enough smoothing has been applied to generate decent contou
an have linewidths that approach zero, as the phase-sensitive FDM proection along
are always complex). Only a single increment alongt 3 andt 4 was needed. The
ssing—or any other method we are aware of.
tra
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365THE MULTIDIMENSIONAL FILTER DIAGONALIZATION METHOD, II
and the associated chemical shift dimension. We us
Lorentzian smoothing, although it is equally possible to
ploy convolution with a Gaussian function to obtain ellipt
contours. As there are many other issues that need
addressed with respect to the optimum way to conduc
experiment for more realistic and crowded spectra, a m
complete description of the experiment, highlighting th
issues, will be forthcoming.

SUMMARY

Multidimensional FDM is a timely development, with
huge number of potential applications. It can be used to
imize spectrometer time whenever digitization, as oppos
true sensitivity, is the primary limitation. It can also be use
produce exciting new spectra that are particularly clear
straightforward to interpret. The results shown here are
only preliminary, and there are many further improvem
that can be envisioned, both theoretically and experimen
These augmentations will follow in further work, now und
way, on the application of FDM to multidimensional NM
experiments.

FIG. 9. Traces along the interferometric dimension, at the position o
central peak of the triplet, the center multiplet. The top trace shows the (p
resolved) multiplet structure that is characteristic of typical TOCSY spe
The bottom trace shows the correspondingsinglet-TOCSY spectrum, in whic
sharp resonances are observed. The intensities are, of course, so
arbitrary, as they depend on the mixing time employed in the experimen
the values of all the couplings.
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