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Solvent resonance suppression is critical in many nuclear
magnetic resonance spectroscopy applications. For a protein
dissolved in 90% H,0/10% D,0O, the concentration of sol-
vent protons (=100 M) is about five orders of magnitude
greater than the concentration of the protons of interest in
the solute (typicaly = 1 mM). Consequently, the strong
solvent resonance that dominates the NMR spectrum of the
solute can hide signals of interest. A great number of experi-
mental and numerical methods have been designed to sup-
press solvent signals. These have been reviewed in detail
(1, 2). The experimental methods can be divided into two
classes: solvent irradiation methods and solvent nonexcita-
tion methods (3) . While these methods are suitable for many
situations, they have a variety of disadvantages such as in-
complete solvent suppression leading to dispersive signals
in the spectrum, the generation of artifacts, and the saturation
of signals close to the solvent resonance (3). Another class
of techniques, known as post-acquisition methods, has been
developed to attempt to correct some of these difficulties
(4). Most of the post-acquisition solvent-suppression meth-
ods are based on bandpass filtering (5—7) or subtracting the
synthetic solvent peak which is calculated by either LPSVD
(linear-prediction method based on singular-val ue decompo-
sition) type of methods (8) or nonlinear |east-squares meth-
ods (9).

In this Communication, we present an dternative ap-
proach in which a Toeplitz matrix is formed from a 1D FID,
and the corresponding solvent suppressed 1D FID is then
constructed by removing the largest singular value of the
Toeplitz matrix. This method has proved to be effective in
removing a strong solvent peak even when it is 10™ times
larger than the other resonances in a simulated spectrum.
Thisindicates that, theoretically, little or no solvent suppres-
sion is needed in an experiment if this post-acquisition sol-
vent-suppression method is applied. We show the effective-
ness of this method in removing the residual water signal
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from a 2D NOESY spectrum of the protein lysozyme in
90% H,0/10% D,0, in which presaturation of the water
resonance by selective low-power irradiation during the re-
laxation delay was applied.

A 1D FID is composed of the summation of K exponen-
tially damped sinusoids which are characterized by ampli-
tudes a, frequencies f,, damping factors d,, and phases ¢\.
The 1D FID is defined by

X, = ) aexp(id)exp[(—dc + 2inf)nAt]  [1]

k=1

with x, and At being the nth data point and the sampling
interval, respectively. A forward Toeplitz matrix T can be
formed as

Xl X2 e XM
X X:
T = .2 ‘3 XM.+1 , [2]
XN-M+1 XN-m+2 T N

where N is the number of data pointsin the 1D FID, and M
is the window size of the Toeplitz matrix. This matrix is
exactly the same asthat used in the forward linear-prediction
method (10).

It is well known (11) that for M vectors in an (N — M)-
dimensional vector space with M < (N — M), an orthonormal
basis which spans the same subspace can be caculated by
SVD (singular-value decomposition). That is, an (N — M) X
M matrix T can be expressed as the product of an (N — M)
X (N — M) unitary matrix U, an (N — M) X M diagond
matrix X, and an M X M unitary matrix V according to

T =UXV", [3]
where * denotes conjugate transpose. The diagonal elements,
oi, of the matrix X are positive and its off-diagonal elements
are zero. Furthermore, the largest component, o, corre-
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FIG. 1. (A) The 1D spectrum obtained by Fourier transformation of a
simulated 1D FID consisting of 512 complex data points. (B) The corre-
sponding 1D solvent-suppressed spectrum obtained by Fourier transforma-
tion of the 1D FID after it was processed by the proposed post-acquisition
solvent-suppression method with a window size of 40.

sponds to the largest sinusoid component in the 1D FID,
and the noise will have the smallest singular values, oy, 1,

., on_m- By zeroing the largest singular value and con-

structing a new Toeplitz matrix T’ in the following manner

T'=UX'V', [4]
where ¥’ is the matrix X with o; = 0 and the rest of the
elements are unchanged, a new 1D FID can be constructed
from the Toeplitz matrix T’ according to Eq. [2]. The spec-
trum obtained from Fourier transformation of the recon-
structed FID will have the solvent resonance removed from
it if the solvent peak is much stronger than the other reso-
nances, which is normally the case in the NMR applications.
By zeroing the smallest singular values, the noise can be
removed from the corresponding spectrum provided there is
a clear division in the singular-value distribution between
thenoise and the signals (12). Similarly, solvent suppression
can also be achieved by the same procedure on the backward
Toeplitz matrix.

The SVD solvent-suppression method was demonstrated
on a synthetic 1D FID and experimental 1D and 2D FIDs.
First, we composed a synthetic noise-free, 1D FID with 512
complex data points which was processed with the proposed
method. The window size, M, for this test was chosen to be
40. As shown in Fig. 1, the largest solvent peak was effec-
tively removed with this method. Our simulations aso
showed that the method was successful even when the strong
solvent peak was 10* times larger than the rest of the reso-

287

nance peaks. When the peak ratio exceeded 10**, the round-
off errors of the computational method became a dominating
factor.

It should be noted that when other resonances are close
to the solvent peak there is aresidual solvent peak |eft after
applying the proposed SVD solvent-suppression method.
The amplitude of thisresidua solvent peak depends on how
close other resonances are to the solvent resonance. In gen-
eral, it is much smaller than the amplitudes of the peaks
close to the solvent resonance. Despite this residual peak,
the large tail of the solvent peak is removed and the baseline
is much flatter. Another point to note is that if the solvent
peak is much larger than the other resonance peaks, asmaller
window size, M, can be used; otherwise, a larger window
size should be employed. The computation needed for SVD
with large M will be much more demanding than with
smaller M since the computational complexity is propor-
tional to M?(N — M) (11). Solvent suppression with smaller
M may leave asmall solvent residue partly dueto insufficient
degrees of freedom to categorize the signal components of
the FID according to their amplitudes. Therefore, a compro-
mise between computational speed and the quality of solvent
suppression may be required. This technique, though, works
well if the solvent signal is much larger than the rest of
signals, and the method is independent of the experimental
setup as shown in Fig. 1.

We also applied the SVD solvent-suppression method to
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FIG. 2. (A) The 1D spectrum obtained by Fourier transformation of
thefirst FID of a2D NOESY experiment on the protein lysozyme recorded
with water presaturation. (B) The corresponding water-suppressed 1D spec-
trum processed in the same manner as in (A) after applying the solvent-
suppression method with a window size of 60 to the FID.
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a 1D FID which is the first FID of a 2D NOESY spectrum
of the protein lysozyme recorded on a Varian Inova-400
spectrometer with the 2D FID matrix being 512* x 200*
in States format. Water presaturation was used in the experi-
ment, giving the spectrum in Fig. 2A. The SVD-solvent-
suppressed 1D spectrum (Fig. 2B) was obtained with the
window size, M, equal to 60. The residual water signal in
the processed spectrum as shown in Fig. 2B may come from
the presaturation or imperfect shimming which could split
the water peak into many resonances and the algorithm de-
scribed has only removed the largest component of these
resonances.

Finally, we applied this solvent-suppression method to the
complete 2D NOESY spectrum. A Fourier-transformed 2D
NOESY spectrum with matrix size of 1024 X 512 was ob-
tained by applying sine-bell and sine-squared bell window
functions to the t; and t, domains, respectively, and zero
filling and is shown in Fig. 3A. Constant baseline correction
was also used in the t, domain to remove t, ridges from the
spectrum. The t; ridges were removed by multiplying the
first data point of each FID in the t; domain by 0.5 (13).

In Fig. 3B, the water-suppressed 2D NOESY spectrum
which was obtained by applying the proposed solvent-sup-
pression technique to the t, domain with a window size M
of 30 is shown. The figure clearly demonstrates that the
water peaksin the t, domain have been effectively removed
with only very small residual peaks remaining for the reason
mentioned above. Small residual water peaks in the t; do-
main can aso be seen. This is characteristic of this solvent-
suppression method when it is applied to 2D homonuclear
NMR spectra. The computational time required by SVD for
this example was 2 h on a Sun SPARC 20 computer. We
are currently in the process of designing faster and more
efficient SVD methods by exploiting the matrix structure
described in Eq. [2].

In conclusion, this method utilizes the fundamental char-
acteristics of a Toeplitz matrix constructed from the sampled
data points of the sinusoidal signals. This method is much
less complicated than the previously proposed method (8)
which needs to go several steps further before the solvent
peak can be simulated and subtracted. It is also different
from the approach proposed by Mitschang et al. (4) where
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an autocorrelation matrix was formed and a Karhunen—
Loeve (KL) transformation was applied. Asindicated in the
paper by Brown and Campbell (14), SVD, KL, and PCA
are different and they may not yield the same results in 2D
image processing. The computer program used to implement
the solvent-suppression algorithm was written in C and is
available from the author. The SVD subroutine was modified
such that it could be used for processing a complex data set.
After applying the SVD solvent-suppression method to the
2D NOESY spectrum, the nmrPipe (15) package was used
to carry out the remaining spectral processing.
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FIG. 3.

(A) The 2D NOESY spectrum of the protein lysozyme recorded with water presaturation and processed with sine-bell and sine-squared-bell

window functions applied to the t, and t; domains respectively, constant baseline correction in the t, domain, and with zero filling. (B) The water-
suppressed 2D NOESY spectrum obtained by applying the SVD-based solvent-suppression technique in the t, domain to the same NOESY data which

was then processed as described for (A).



