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Suppression of Diagonal Peaks with Singular Value Decomposition
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A number of modified two-dimensional NMR pulse sequences FIDs in the indirectly detected ( t1) domain after the Fourier
have been developed to suppress the diagonal peaks which may transformation of the directly detected ( t2) domain. These
introduce severe spectral distortions, such as t1-ridges and large FIDs are reconstructed following the removal of the largest
dispersive signals on the diagonal. However, these modifications singular values. The final spectrum which is free of the
increase the minimum number of scans, require more complicated dispersive resonances can be obtained by Fourier transfor-
experimental designs, and often decrease the sensitivity of the

mation of the t1 domain. We demonstrate here that pure-experiment. Here we present a post-acquisition method to remove
phase COSY spectra with the suppression of diagonal peaksthe undesirable diagonal peaks by using singular value decomposi-
can readily be obtained by the use of this proposed method,tion based on the observation that the diagonal peaks are larger
as is described below.in amplitude than the off-diagonal peaks. The effectiveness of the

A 1D FID, {xnÉn Å 1, . . . , N}, is composed of thescheme is demonstrated by applying the method to process a phase
sensitive COSY spectrum of alkyl-cyclohexyleneacetic ester. The summation of exponentially damped sinusoids. A forward
method can also be used for the removal of the diagonal peaks in Toeplitz matrix T, as in the forward linear prediction method
NOESY, ROESY, and other correlation spectra. q 1998 Academic Press (13) , can be formed as

Two-dimensional (2D) NMR spectroscopy is a well-estab- T Å

x1 x2 ??? xM

x2 x3 ??? xM/1

? ? ??? ?
xN0M/1 xN0M/2 ??? xN

, [1]
lished technique for acquiring information on the structure and
function of molecules. Among the many 2D NMR experiments,
the COSY experiment is particularly useful in identifying net-

where N is the number of data points in the 1D FID, and Mworks of scalar-coupled spins (1, 2). A number of modified
is the window size of the Toeplitz matrix. According to theCOSY pulse sequences, such as adding a double quantum filter,
SVD principle (14) , an (N 0 M) 1 M matrix T can behave been developed to obtain pure phased spectra and to sup-
expressed as the product of an (N 0 M) 1 (N 0 M) unitarypress diagonal peaks (3–5). However, these modifications in-
matrix U , an (N 0 M) 1 M diagonal matrix S, and an Mcrease the minimum number of scans needed, require more com-
1 M unitary matrix V according toplicated experimental designs, and often decrease the sensitivity

of the experiment. These diagonal peaks often have a 907 phase
difference to the off-diagonal signals and distort the spectrum, T Å USV/ , [2]
making the analysis of this type of spectrum difficult. In addition
to the experimental modifications, several post-acquisition meth- where / denotes the conjugate transpose. The diagonal ele-
ods have been proposed to remove unwanted diagonal peaks ments, si , of the matrix S are positive and its off-diagonal
based on digital filtering (6–8) or a combination of removing elements are zero. Furthermore, the largest component, s1 ,
absorptive diagonal peaks and Hilbert transformation (9, 10). corresponds to the largest sinusoid component in the 1D

We report an alternative numerical method that can be FID. A new 1D FID from the indirectly detected domain
used to eliminate the undesirable diagonal peaks by the sin- which is free of the diagonal peak can be created from the
gular value decomposition (SVD) scheme based on the ob- Toeplitz matrix T * following Eq. [2] by zeroing the largest
servation that diagonal peaks commonly have a much larger singular value and constructing a new Toeplitz matrix T *
amplitude than the off-diagonal peaks (11) . One could also in the following manner,
apply the Karhunen transformation to achieve the same goal
(12) . The SVD procedure described here involves calculat- T * Å US*V/ , [3]
ing the singular values of Toeplitz matrices formed from the

where S* is the matrix S with s1 Å 0 and the rest of the
elements are unchanged. The spectrum obtained from Fou-1 To whom correspondence should be addressed.
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rier transformation of the reconstructed FID will have the
diagonal resonance removed as long as its amplitude is much
stronger than the other resonances, which is normally the
case in 2D homonuclear spectra. Similarly, diagonal peak
suppression can also be achieved by the same procedure on
the backward Toeplitz matrix based on the backward linear
prediction method (13) . When the off-diagonal peaks are
not much smaller than the diagonal ones, a larger window
size, M , is required to differentiate the singular values corre-
sponding to the off-diagonal and diagonal peaks.

The use of the above algorithm in the t1 domain for the
removal of large diagonal peaks from the signal S( t1 , f2)
obtained after Fourier transformation of a 2D FID S( t1 , t2)
in the t2 domain requires the following steps: ( i) Fourier
transformation in the t2 domain, ( ii ) phase correction to
absorption and discarding of the imaginary part of f2 , ( iii )
removal of the larger diagonal peaks in the t1 domain by the
SVD method, ( iv) Fourier transformation in the t1 domain,
(v) phase correction to absorption and discarding of the
imaginary part of f1 , (vi) recovery of dispersive part of
f2 via Hilbert transformation, and (vii) phase correction to
absorption. 2D spectra obtained in this manner are free from
the dispersive diagonal peaks, rendering spectra that can be
analyzed easily. Since the method, which works with an
arbitrary phase of the 1D FID, is a 1D method applied in
the F1 domain, it is critical to phase the F2 domain to pure
absorption and to discard the dispersive signal in order to
effectively remove diagonal peaks.

To illustrate the utility of the proposed procedure, we
have applied this method to process a phase-sensitive COSY
spectrum of the DNA binding compound 8-phenylmentha-
nol-4-alkyl-cyclohexyleneacetic ester dissolved in CDCl3

with a data matrix size of 1024* 1 256*, with * denoting
complex number. The phase-sensitive COSY spectrum was
recorded on a Varian Inova 500 spectrometer. The undesir-
able dispersive diagonal peaks shown in the corresponding
Fourier transformed spectrum in Fig. 1A makes accurate
spectral analysis a formidable task. This difficulty is essen-
tially eliminated as shown in Fig. 1B with the application
of the method described above. In Figs. 2A and 2B, the
enlarged regions of the phase-sensitive COSY spectra be-
tween 7.1 and 7.6 ppm clearly indicate effectiveness of the

FIG. 1. The Fourier transformed phase-sensitive COSY spectrum ofproposed processing scheme.
alkyl-cyclohexyleneacetic ester, recorded in CDCl3 at 300 K on a VarianThe final phase correction in f2 was achieved by using
Inova 500 spectrometer: (A) phased 2D spectrum with large dispersive

Hilbert transformation to recover the imaginary part of f2 diagonal peaks, (B) the spectrum processed with the scheme described in
and adding a 907 phase correction. The diagonal peaks have the text. The window size used for the processing was 40. The small residual

diagonal peaks are due to incomplete peak suppression by the proposedlargely been removed without loss of the information offered
algorithm as explained in the text.by the off-diagonal peaks. Residual signals left in the spectra

are due to multiplet diagonal peak structures and relatively
small amplitude and frequency differences between the diag-
onal and off-diagonal resonances. As can be seen from Figs. rier and Hilbert transformations and other NMR processing

were carried out with the nmrPipe processing package (15).1 and 2, which are plotted at the same contour levels, the
incomplete removal of the diagonal peaks causes little inter- In conclusion, we have shown that undesirable dispersive

peaks on the diagonal of phase-sensitive COSY spectra canference with the analysis of the processed spectra. The Fou-
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easily be removed by singular value decomposition without
loss of the information in the off-diagonal peaks. The pro-
posed method can be applied to remove strong diagonal
peaks in NOESY, ROESY, and other correlation spectra
which sometime introduce severe spectral distortions, such
as t1-ridges, making analysis of the spectra difficult. A poten-
tial problem with the method occurs when off diagonal peaks
are larger in amplitude than or equal to diagonal peaks, such
as in DQF-COSY spectra. Off-diagonal peaks which are
close to strong diagonal peaks will have different degrees
of distortion in the final processed spectrum depending on
how close they are to the diagonal peaks. This method can
readily be automated and applied to the processing of higher-
dimensional NMR spectra.
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