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Abstract

The algorithm of sequential paired covariance (SPC) has been previously reported to dramatically enhance the
signal-to-noise (S/N) ratio for on-line separations combined with mass spectrometry. That initial study focused on a limited
number of data sets derived from the combination of capillary electrophoresis (CE) with time-of-flight mass spectrometry
using an electrospray interface. Results from the initial study clearly demonstrated that a significant enhancement (almost
two orders of magnitude) in the S/N ratio of the eluting peaks in the electropherogram could be obtained, facilitating
identification of the analytes. In this report, the algorithm has been applied to liquid chromatography—mass spectrometry data
obtained on a triple quadrupole instrument and we have evaluated the general applicability of the SPC approach to several
types of microcolumn separations with mass spectrometric detection, including CE coupled with Fourier transform ion
cyclotron resonance mass spectrometry. In all the cases we tested, we found the algorithm enhanced the S/N ratios of the
resulting chromatograms or electropherograms to a similar extent. This report further demonstrates the SPC approach to
enhance the resolution as well as the S/N ratio of the eluting peaks of a complex peptide mixture. While many variations of
the algorithm are possible, we have also found higher order covariance (e.g., 3rd order) is useful for eliminating coincidental
noise in sequential mass spectra, giving the potential to extract broad, low intensity analyte peaks. We also demonstrate the
sequential covariance approach for enhancing the S/N ratio of mass spectra.

Keywords: Sequential paired covariance; Chemometrics; Signal-to-noise ratio; Resolution

1. Introduction diverse bioanalytical problems [1-5]. One key step

in the analysis of data from on-line liquid chroma-

The combination of electrospray mass spec-
trometry (ESI-MS) with various separation tech-
niques has proven to be a powerful tool for solving

*Corrcsponding author.

tography (LC) or capillary electrophoresis (CE) with
MS is the effective reconstruction of chromatograms
or electropherograms from a series of mass spectra,
in order to identify analyte peaks in the chromato-
gram or electropherogram. The ability to locate a
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peak in a chromatographic trace is especially im-
portant for the analysis of unknown mixtures or
mixtures having unknown elution times and con-
taining analytes over wide concentration ranges. This
reconstruction is usually accomplished by integrating
parts or all of each mass spectrum to obtain a plot of
ion current or the total ion current (TIC) vs. time (or
scan number). In general, this reconstruction method
has found widespread use and it should be noted that
the TIC trace retains quantitative information (e.g.,
retention time, relative ion intensity) present in the
mass spectra. However, when the signal-to-noise
(S/N) ratio is poor, background noise could prevent
detection of peaks in the chromatogram or elec-
tropherogram reconstructed in this manner.

The quality of a given data set can be improved by
applying a variety of methods including spectral
smoothing, deglitching, and background subtraction
{6,7]. In the case where only a few spectra need to be
processed, these are viable methods whether used
individually or in combination. However, for high-
performance separations coupled with MS, the gen-
eration of large data sets (>500 spectra) is not
uncommon. In addition, it is often necessary to
monitor the data in ‘real time’ (e.g., quality control).
This precludes routine examination of each mass
spectrum which often restricts user intervention to
eliminate noise and/or reset the background. Thus, it
is evident that the individual mass spectra constitut-
ing a data set are not initially examined (i.e., only
after the peaks are identified in the chromatogram are
the mass spectra studied). The low S/N ratio and/or
poor resolution of analyte peaks in a chromatogram
or electropherogram may prevent identification of a
component(s) present, even though the mass spec-
trum from a particular chromatographic peak may be
usable. Thus, approaches that enhance the S/N ratio
and resolution of analyte peaks in chromatograms or
electropherograms in high-performance separations
coupled with MS, are of practical utility.

For this purpose, we have recently developed a
reconstruction algorithm which utilizes the similarity
between sequential mass spectra [8,9]. In general, the
sequential paired covariance (SPC) algorithm gener-
ates a series of ‘virtual geometrically amplified” mass
spectra. Each data point in each of the virtual mass
spectra represents the dot product of two corre-
sponding data points in sequential original spectra.

The electropherogram or chromatogram is obtained
by plotting the integral of ion current from each
virtual mass spectrum vs. time (or scan number).

In the initial report, the SPC algorithm was
successfully applied to CE-ESI time-of-flight MS
data, and a significant enhancement in the S/N ratio
of the analyte peaks in the SPC electropherogram
was obtained [8]. In this communication, we report
the application of the SPC algorithm to LC-MS data
to further demonstrate the enhancement in the res-
olution as well as the S/N ratio in the chromatogram
using the SPC approach. The general applicability of
the algorithm has been tested with a wide variety of
data formats (i.e., different instrumentation, includ-
ing CE-ESI Fourier transform ion cyclotron reso-
nance MS), and all of the data we examined (>30
data sets) resulted in nearly identical improvements.
Thus, in order to avoid redundancy, a single data set
obtained from an LC—MS run on a triple quadrupole
instrument will be presented due to its complexity
and ability to demonstrate the important features of
the SPC approach. Finally, we introduce variations
of the algorithm and discuss their importance.

2. Experimental

The LC-MS data were obtained using a microbore
HPLC (Applied Biosystems, San Francisco, CA)
with a 250 mmX1 mm ID. C,; column (Phenom-
enex, Torrance, CA, USA) interfaced to a Finnigan
TSQ 7000 triple quadrupole mass spectrometer
(Finnigan MAT, San Jose, CA, USA) via an electro-
spray interface. A peptide digest solution was eluted
using a linear gradient of 25-50% acetonitrile and
0.1% formic acid in 50 min at a flow-rate of 40
wl/min. Dry nitrogen (30 p.s.i.; 1 p.s.i.=6894.76 Pa)
was used as co-axial sheath gas. More details about
the preparation of the protein digest and LC-MS
analysis can be found elsewhere [10-13].

Data analysis was conducted using a program
developed at Pacific Northwest National Laboratory
[14]. Profile data files from the Finnigan TSQ 7000
are processed using a command line program written
in Borland C/C++ version 4.5. Profile data files
contain a variable number of spectra and each
spectrum contains a variable number of data points,
depending on the number of peaks in the spectrum.
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Each spectrum is defined by an array of X, ¥ (m/z,
amplitude) data pairs. The SPC algorithm requires
data arrays from two, or more, spectra to be multip-
lied. If the data sets contains the same X scale, and
the same number of data points, this would simply
require multiplying each Y value in spectrum one by
the corresponding Y value in spectrum two, and so
on. Since profile data files have a variable X axis, a
different approach is required. When two spectra are
multiplied, the Y value corresponding to an X axis
value from the first spectrum is multiplied by the ¥
value corresponding to the same X axis value in the
second spectrum. This particular X value may not
exist, so a cubic spline interpolation is used to
predict it. The command line program places all
results in an ASCII data file. This file can be
imported into a spread sheet program, such as
Microsoft Excel, for data presentation.

A user interface to the command line program was
developed using Microsoft Excel spread sheet appli-
cation. Excel uses Visual Basic for Applications
(VBA) as a macro language. VBA supports com-
mand butions, text boxes, and many other user
interface objects. This interface allows the user to
request an operation by filling in a dialog box and
pressing the start button. The Excel program will
then call the command line application with the
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correct parameters for the requested operation. After
the results are calculated, another button is pressed to
graphically display the results. The program runs on
a 75 MHz PC, and requires only a few seconds to
calculate a SPC reconstructed chromatogram, and
can be implemented on-line with nominal additional
programming effort.

3. Results and discussion
3.1. General characteristics of the SPC algorithm

Fig. 1 provides a graphical representation that
describes the fundamentals of the SPC algorithm.
Two adjacent spectra are used (n and n+1) with the
solid bars representing analyte signals, such as
multiple charge states of the same molecular ion, and
the dashed bars representing noise. In SPC, each data
point in one mass spectrum is multiplied with the
corresponding data point in the following mass
spectrum, resulting in a geometrically amplified
spectrum; the number of spectra used in each
multiplication operation defines the order of the
covariance algorithm. As demonstrated in Fig. 1, the
SPC operation results in a virtual mass spectrum that
amplifies the similarity (the signal) and suppresses or
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Fig. 1. Graphical representation showing the general characteristics of the sequential paired covariance (SPC) algorithm. Each data point in
each original mass spectrum is multiplied with each corresponding data point in the following original mass spectrum, generating a series of
geometrically amplified virtual mass spectra. The total ion intensities of individual virtual mass spectra are then plotted vs. scan numbers to
reconstruct the chromatogram or the electropherogram. Between (or among) sequential mass spectra, the similarity (the signal) is amplified,
and the dissimilarity (the noise) is suppressed or eliminated, and enhancements in both the S/N ratio and the resolution of analyte peaks in

the chromatogram or the electropherogram are achieved.
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eliminates the dissimilarity (the noise) between the
original adjacent mass spectra. Specifically, the noise
peak N in Fig. 1, which is of similar intensity as the
3+ charge state signal in spectrum n, is eliminated in
the dot product mass spectrum because at that
particular x-value, spectrum n+1 had no amplitude
(i.e.,, the y-value in spectrum n was essentially
multiplied by zero). The intensity in the recon-
structed chromatogram is obtained by integration of
each geometrically amplified mass spectrum and
plotted vs. the scan number (i.e., time). Thus,
dramatic enhancements of the S/N ratio and the
resolution in the chromatogram are achieved using
the SPC algorithm by amplifying the signal (similari-
ty between adjacent mass spectra) and suppressing
the noise (dissimilarity between adjacent mass spec-
tra). It is worth noting that the S/N ratio and the
resolution enhancements are achieved only when an
analyte peak is present in n or more consecutive
original spectra (where n is the order of the co-
variance algorithm as described above). Fig. 1 also
illustrates how the relative intensities are distorted.
For example, the 3+ charge state intensity changed
from 10 in the original two spectra to 100 in the
amplified mass spectrum while the 4+ charge-state
increased from 6 to 36. Thus, the intensity ratio
(3+/4+) has changed from 1.6 in the original
spectra to 2.8 in the geometrically amplified spec-
trum.

3.2. TIC vs. SPC chromatogram reconstruction
methods

Fig. 2A shows the TIC chromatogram of a tryptic
digest obtained from an LC-MS analysis. This
chromatogram is representative of a typical protein
digest and thus serves to highlight several advantages
of the SPC approach. Note that there are two
relatively sharp peaks which elute first (peaks a and
b) followed by a broad, unresolved peak (peak c)
which contributes a significant portion of the TIC
(based on peak area measurements). The SPC algo-
rithm was used to generate a chromatogram from the
same data set and is shown in Fig. 2B. Comparison
of Fig. 2A with Fig. 2B reveals the two main
attributes that signify the SPC algorithm: (1) en-
hancement of the S/N ratio of analyte peaks in the
chromatogram; and (2) enhancement of the resolu-
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Fig. 2. Chromatograms reconstructed from the same LC-MS data
set of a protein digestion products with: (A) the conventional total
ion current (TIC) method; (B) the sequential paired covariance
(n=2) approach. The quadrupole was scanned from m/z 105 to
m/z 3000, and a portion (scans 1-300) of the data is shown.

Enhancements in both the $/N ratio and resolution of analyte
peaks are evident in Fig. Fig. 2B.

tion of analyte peaks in the chromatogram. First, it is
clear that the signal intensity of the eluting peaks has
been enhanced by over 6 orders of magnitude. In
addition, the noise has been reduced and a smoother
baseline is observed. Thus, a significant enhancement
in the S/N ratio of analyte peaks in the chromato-
gram is achieved with the SPC approach. This
enhancement in S/N is helpful in identifying the
retention time of weak analyte peaks, which would
otherwise be buried in noise, to allow identification
of the analyte via its mass spectrum.

It was previously suggested that an effective
enhancement in the chromatographic resolution
should result from the application of the SPC
algorithm [8]; however, this was not demonstrated in
the initial work. It is evident that the unresolved peak
(peak c) using the TIC reconstruction method in Fig.
2A, is resolved into at least 8 peaks (c,—c,) using the
SPC method. This enhancement in effective res-
olution of analyte peaks allows one to rapidly access
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the position (i.e., retention time) of a peak to retrieve
its mass spectrum. All of the peaks labeled c,—c,
correspond to different analytes (based on their mass
spectra) and three are shown in Fig. 3 with their
corresponding peak labels (see Fig. 2). Without the
enhancement of the resolution of analyte peaks in the
chromatogram, it would be very difficult to locate a
mass spectrum corresponding to a specific analyte in
the region of peaks c,—c,.

3.3. Higher order covariance and sequential
paired addition

The SPC algorithm can be applied in different
ways depending on the application. One such vari-
ation involves higher order covariance; instead of
geometrically amplifying two adjacent spectra, three
or more sequential mass spectra are used. For
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Fig. 3. Mass spectra of several analytes located in Fig. 2B,
benefitted from the enhanced resolution and the enhanced S/N
ratio of analyte peaks provided by the SPC algorithm. Fig. 3A-C
correspond to mass spectra at the peaks of cl, ¢4 and 8,
respectively. Locating these peaks would have been very difficult
without the enhanced resolution and the enhanced $/N ratio of
analyte peaks provided by the SPC approach.

example, in 3rd order covariance, spectra number 1,
2 and 3 are used to create the first virtnal mass
spectrum, which is then integrated; the second virtual
mass spectrum is generated using spectra numbers 2,
3 and 4, and so on. The principle of the higher order
sequential covariance (SC”", with n representing the
order) approach remains the same as that of the SPC
(i.e., the similar features in multiple spectra are
enhanced); however, in addition to further enhance-
ment in the S/N ratio of the chromatogram, higher
order covariance also reduces or eliminates ‘acciden-
tal correlated noise’ that may be present in two
consecutive mass spectra but unlikely to be in three
spectra. This can be understood because persistent
noise may occur in two adjacent spectra, but the
probability that a noise spike occurs in three sequen-
tial spectra is significantly lower. In the event that
deterministic noise is present in each spectrum (e.g.,
60 Hz noise) or if a buffer or solvent component
gives rise to a reproducible peak in each spectrum,
the background noise will also rise. This can be
easily compensated for by eliminating discrete m/z
values if the location of the peak is known, with the
concomitant disadvantage of creating a ‘blind spot’
in the mass spectra.

In addition, higher order covariance also has the
potential for extracting broad, weak analyte peaks
from a ‘noisy” background. For example, a peak that
elutes from a column with a long retention time is
typically broad as a result of diffusion. Although the
peak area is very large (due to the width) the peak
height may be very small and buried in the back-
ground noise, and further aggravated by factors such
as baseline drifts in gradient elution profiles. Invok-
ing a higher order (e.g., 10) should enhance the S/N
ratio of such a peak in the chromatogram substantial-
ly.

Another variation of the SPC algorithm addresses
the fact that the SPC approach lacks quantitative
information (e.g., distortion in relative ion inten-
sities) due to the multiplicative nature of the algo-
rithm. We have evaluated a similar approach, named
sequential addition (SA”, with n representing the
order) which adds (instead of multiplies) two or
more sequential mass spectra, to obtain a virtual
mass spectrum. Fig. 4 shows a chromatogram recon-
structed from the same data shown in Fig. 2 using
the SA’ approach. Again, there are enhancements in
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Fig. 4. Chromatogram resulting from the application of a 5th order
sequential addition (SA”) algorithm to the same data set shown in
Fig. 2A. The SA approach preserves the quantitative information
in the chromatogram while moderately increases the resolution of
analyte peaks.

the S/N ratio and the resolution of analyte peaks
(compared with the TIC approach; see Fig. 2A).
These enhancements with the SA’ approach are less
dramatic, as compared with the SPC approach (Fig.
2B); however, relative intensities (and thus quantita-
tive information) are preserved, and the resolution
and the S/N ratio of analyte peaks in the chromato-
gram are moderately enhanced.

3.4. Application of the SPC algorithm for mass
spectral processing

Since the analyte concentration is often decreased
in liquid chromatography due to diffusion and other
peak broadening phenomena, the S/N ratio of the
mass spectra are often compromised in LC-MS (see
Fig. 3). Signal averaging of a chromatographic peak
is common practice in order to enhance the S/N ratio
of the mass spectrum. When only qualitative in-
formation is desired (i.e., molecular mass determi-
nation), an additional facet of the SPC algorithm can
be used to enhance the S/N ratio of mass spectra
which has been previously demonstrated for matrix-
assisted laser desorption/ionization MS [15]. Fig. SA
shows the mass spectrum obtained from scan number
140 (see Fig. 2). The S/N ratio is relatively poor and
there appears to be an intense peak centered around
m/z 195 as well as some additional peaks. Fig. 5B
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Fig. 5. Processing mass spectra with the sequential covariance
(SC) algorithm. The SC approach facilitates signal recognition by
providing enhancement in the S/N ratio of the mass spectra.

shows the result after geometrically amplifying scans
numbers 140 and 141, and Fig. 5C shows the third
order covariance of scans numbers 140, 141 and 142.
The overall §/N ratio has been dramatically in-
creased in both the 2nd and 3rd order amplifications
as evidenced by the 14 order of magnitude difference
in the y-scale of SC" compared to the raw data (see
Fig. 5). Interestingly, the apparent peak centered at
m/z 195 in Fig. SA is non-existent in Fig. 5B,C, and
is attributed to noise.

4. Conclusions

The general applicability of the SPC algorithm for
the effective reconstruction of chromatograms in
LC-MS or electropherograms in CE-MS has been
demonstrated, with both the example LC-MS data
set discussed in this paper and the tests we per-
formed on other instruments including CE-ESI
Fourier transform ion cyclotron resonance MS. En-
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hancements in both the S/N ratios and the resolution
of analyte peaks in the chromatogram or the elec-
tropherogram are routinely achieved. In addition,
variations of the SPC algorithm, such as higher order
covariance (n>2), sequential addition, and geometri-
cally amplified mass spectral processing, lead to
elimination of artifact peaks and extraction of broad
peaks, preservation of quantitative information while
enhancing analyte resolution, and mass spectral peak
recognition in noisy mass spectra, respectively. The
intention of developing the SPC algorithm is not to
replace the widely used conventional TIC method;
rather, it has been developed to compliment TIC for
particular applications where conventional TIC meth-
ods are inadequate. With additional programming
effort, it is possible to implement both SPC (or SA)
and TIC on line simultaneously (with two different
windows or traces), and the comparison of the two
traces should help to meet the demand of complex
mixture analysis.
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