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A new method is proposed for elimination of artifacts appearing in deconvolution of electrospray ionization
mass spectra, where wo algorithms, a partial correlation method (PCM) and a sub-harmonic artifact removal
filter (SHARF), are used. In addition to the elimination of artifacts, the former algorithm removes influence of
singly charged ions generated from contamination in a sample, while the latter algorithm removes influence of
background noises and baseline offsels in a measured spectrum. The proposed method results in supplying the
deconvoluted spectra free from artifacts with good signal-to-noise ratios and without distortion on peak shapes.
Applications to some bio-molecules lead to the conclusion that our method is especially useful for analyses of
their mixture samples, which show complicated mass spectra.

1. Introduction

Electrospray ionization (ESI) has been one of the
most indispensable methods in biological mass spectro-
metry,” since it was firstly applied to bio-molecules by
Fenn et al? The mass spectra generally consist of a
coherent sequence of peaks due to multiply charged
ions produced by ESI, with smaller intervals at lower
mass-to-charge ratios (m/z) and typically with an inten-
sity envelope nearly like Gaussian distribution. Al-
though this feature seems Lo complicale mass spectral
interpretation, an accurate mass of the parent molecule
can be determined from the sequence of peaks mea-
sured by even a conventional mass spectrometer with
the limited m/z range, if suitable algorithms are
adopted.

The averaging algorithm®* is widely used in the
mass determination by ESI mass spectrometry, where
at least two multiply charged ions must be identified.
The identification, however, is difficult for spectra that
contain many peaks of singly charged ions due to
contamination in a sample and/or multiply charged
ions of different components in a mixture sample.
Then, another method, deconvolution algorithm, was
proposed by Mann ef al.,V who transformed the peaks
of multiply charged ions to one singly charged peak
located at the mass of a parent molecule, M. Although
the Mann method is simple, spurious peaks called arti-
facts are simultaneously produced around the true
peak at My in the deconvoluted spectrum. The artifacts
sequentially appearing at 2Mo, 3M,, 4M,, --- are here
called harmonic artifacts, while the artifacts appear-
ing at Mo/2, My/3, My/4, - are called sub-harmonic
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artifacts, the harmonic artifacts of which also appear in
the deconvoluted spectrum.

For the elimination of these artifacts, a couple of
studies® ® have been reported. However, there has
been no effective way to eliminate all the artifacts
until now; for example, the mutiplicative algorithm
proposed by Hagen and Monning® eliminates sub-
harmonic artifacts, but does not harmonic artifacts. All
the artifacts in the deconvoluted spectra with resolu-
tion enhancement may be possibly eliminated by a
maximum-entropy method™8; however, it consumes a
lot of time in the calculation. Recently, Zhang et al.
have reported a new algorithm based on a charge
scoring scheme.® Although all the artifacts can be
eliminated by their method, the identification of peaks
is ambiguous when they heavily overlap with other
peaks generated by different components in a mixture
sample. If ultra-high resolution instruments such as
a Fourier-transform mass spectrometer (FTMS) are
available, the information on isotope species may be
useful to decrease the ambiguity.

In the present study, we propose a new method to
eliminate the artifacts in deconvoluted spectra derived
from data measured with a conventional mass spec-
trometer without any information on isotopically re-
solved peaks. The algorithms used here consist of a
partial correlation method (PCM) and a sub-harmonic
artifact removal filter (SHARF). It is demonstrated that
our method supplies the deconvoluted spectra free
from artifacts for some bio-molecules and their mixture
samples, which show complicated mass spectra.

2. Theory

Before the explanation of our algorithms, the decon-
volution procedure and the generation mechanism of
artifacts are described with the effective and simple
deconvolution calculation.

2.1 Deconvolution

The following relationship between a molecular
mass (M) and the observed m/z (m;) of the multiply
charged ion with a charge number (i) is held in trans-
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formation of deconvolution,
mi= == g, (1)

where m, represents the mass of an adduct ion. An
intensity of a deconvoluted spectrum (fy(M)) is calcu-
lated from the intensities of a measured spectrum
(Im{m;)) at m; appearing in Eq. (1) with different charge
numbers (7). In the Mann method, for example, the
intensity (/y(M)) is given by a sum of the intensities
(Imlms)),

LyiM)=2 Ly(m;) . (2)

This calculation must be performed at every M in an
interesting range of the molecular mass axis to decon-
volute the measured spectrum. Thus, the computa-
tional time for the extraction of the intensities (l.(m:))
is dominant in the deconvolution calculation. One
can extract them simply and efficiently, if measured
and deconvoluted spectra are expressed in terms of
new variables, s and ¢, respectively, defined as

1 )
= = — 3
s pe—— V3 3)
and
= L
= M (4)

where 7 is used instead of m; for expression of the
m/z axis of a measured spectrum (/,,(m)). A spectrum
(Is(s)) can be calculated from I,(m) by using the new
parameter (s):

1 -
1) Im(m_ma). (5)
It is noted that the multiply charged ions in I(s) appear
in the reverse order of those in 7,,(m) and a difference
between adjacent multiply charged ions at s; and s;4; is
equal to 1/M.
i+1 R
T ==
Figure 1 shows that multiply charged ions of the mo-
lecular mass (M,) appear at the constant intervals of 1/
Mo=1yin I(s), while they appear at decreasing intervals
in I,,(m) with increases of their charge numbers.

For convenience, a discrete function (U) is intro-
duced to express the intensities at intervals of ¢,
defined in Eq. (4), in I(s).

Utt, i)y=1,it) . (7)
Three examples of U are shown in Fig. 1. The U
elements are effectively and simply obtained by ex-
tracting the intensities (/i(s)) at multiples of t. A de-
convoluted spectrum (/{#)) can be derived from the

U(t, i) elements. In the Mann method, for example, an
intensity of ,(¢) is a sum of the Ul i) elements,

LO)=SU 0. (8)

Equation (8) essentially corresponds to Eq. (2). The
final deconvoluted spectrum (Iy{(M)) is derived from J(¢),

In(M)=1I(1/1). (9)

It is noted that the peaks in /() appear in the reverse

Si+1—8: =
i+1 M

t. (6)
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Schemalic diagram of a deconvolution calculation for multiply charged ions generated from the molecular mass

of My. Their peaks are shown without widths, and with smaller heights as increasing the charge numbers.
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order of those in [i{M). Since U(¢, i) extracted from I(s)
with ¢ play an important role in the artifact elimina-
tion, /4(s) and I,(¢) are treated as a measured spectrum
and its deconvoluted spectrum, respectively, instead of
I,(m) and Iy(M), hereafter.

2.2 Artifact

Figure 1 shows three examples of U, the intensities of
which are represented with the abscissa of the element
numbers. Among these U, the intensities of the Ulto, 7)
elements are derived from those of peaks at multiples
of to in Is). Since the multiply charged peaks shown
in Fig. 1 appear at multiples of ¢, in Iy(s), they are
consecutively extracted inlo Ultg, 1) with the element
numbers corresponding to the charge numbers of the
multiply charged ions. The intensities of the multiply
charged ions are transformed to the true deconvoluted
peak at ¢ in I,(¢) by summing all the U(to, 7) elements, if
the Mann method is used. However, the simple summa-
tion generates artifacts because the intensities of the
multiply charged ions also appear in the other exam-
ples of Ulte/2,1) and U(2ty, 7).

The intensities of the U(ty/2, i) elements are derived
from those of the peaks at multiples of £/2 in I(s) so
that the multiply charged ions in I(s) appear in Ulty/2,
i) with the element numbers 2i. Thus, the simple
summation generates the harmonic peak at #,/2 with
the same intensity of the true peak at {y in /,(¢). Simi-
larly, other harmonic artifacts of higher orders also
appear at tp/3, to/4, and so on. Furthermore, the in-
tensities of the U(2ty, 7) elements are derived from those
of peaks at multiplies of 2¢{ in Is(s) so that the multiply
charged ions with charge number 27 appear in U(2i, i).
The summation of the U(2t,1) elements causes the
sub-harmonic peak at 2¢o with a nearly half intensity of
the true peak at g in I,(t). Similarly, other sub-harmonic
artifacts of higher orders appear at 3¢, 4fp, and so on.
Their intensities decrease with increases of the orders,
because the number of artifact intensities appearing in
U decreases.

In generally speaking, harmonic artifacts appearing
at to/n are generated by harmonic intensities in Ultg/n,
i), and sub-harmonic artifacts appearing at nt, are gen-
erated by sub-harmonic intensities in U(ntg, i), where n
represent integers larger than one. A suitable algo-
rithm is necessary for elimination of artifacts in-
tensities such as U(to/2, 1) and U(2t,, i) and for transfor-
mation of the true intensities of Ultg, i) to I{te) in order
to obtain a deconvoluted spectrum free from the arti-
facts.

2.3 Partial correlation method

To eliminate the harmonic artifacts, we have devel-
oped a partial correlation method (PCM). A deconvolu-
tion algorithm for elimination of the artifacts essential-
ly works as a filter that suppresses artifact intensities
in U and transfers the true intensities in U to I(t) as
much as possible. To accomplish this, we introduce a
filter function (¥) that produces an output from more
than two elements of I/ with consecutive element num-
bers (i),

Vi, )=, 1), U, i+1),--, U, i+N—1)) (10)

where N is the number of U elements used for the
calculation of one ¥ value and is called a PCM order. ¥

can eliminate the harmonic artifact intensities not ap-
pearing consecutively in the U elements by using a
correlation among partially selected NV elements of U
and by reflecting the smallest intensity in these U
elements. Then, the deconvolution spectrum free from
the harmonic artifacts can be obtained by summation
of the ¥ values instead of the U elements,

=¥ 1). (11)

Figure 2 shows two different sequences of multiply
charged peaks with the intervals of ¢, and of 2ty the
former sequence is transformed to the true peak at ¢,
and the latter is transformed to the harmonic artifact
at tp by the Mann method. It is noted that true and
artifact intensities are transformed at the same £, from
two different sequences in Fig. 2 whereas true and
artifacl intensities are transformed at different ¢ from
one sequence in Fig. 1. With the sequences in Fig. 2,
the work of ¥ is explained by using a minimum func-
tion, which outputs the smallest value in the selected N
elements of U/, For example, the minimum function for
¥ with the PCM order of 2 outputs a smaller intensity
in the two selected U elements. In Fig. 2a, ¥(te, 1) leads
to Ultg, 2) because Ulto, 2) is smaller than Ulé, 1), ¥, 2)
leads to Ultp, 3), and so on. Then, the values of ¥t 7)
are corresponding to the intensities of U(¢y, i+ 1). Thus,
the intensities of the sequence with the intervals of ¢
are transformed to the true peak at g in /,(t), except the
intensity of Ulto, 1). In Fig. 2b, on the other hand, all the
values derived from ¥ are zero because either intensity
of the selected two elements of U is zero. Thus, the
intensities of the sequence with the intervals of 2t are
not transformed to the artifact peak at to in /(t); there-
fore, the artifact intensity at ¢ disappears in [,(¢). Al-
though the minimum function can satisfactorily elimi-
nate the harmonic artifacts, it has a disadvantage that
the most intense U element such as U(ty, 1) shown in
Fig. 2a is ignored in transformation to the true peak.

Other suitable algorithms for ¥ are found in the
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Fig. 2. PCM of the harmonic artifact elimination at ¢
applied to multiply charged ions appearing at
intervals of ¢, in I(s), and to ones appearing at
intervals ol 2to in I(s).
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averaging calculations, such as geometric and harmon-
ic means. An arithmetic mean is one of the averaging
calculations, but it is not good for ¥ because its sum-
mation gives the same result as the Mann method. On
the other hand, the calculations of geometric and har-
monic means are good for ¥ because their results
reflect the smallest intensity in the selected U elements.
Additionally, the feature that they use all U elements in
transformation to the true peaks is an advantage over
the minimum function described above. It is found
that the harmonic mean is more effective for the arti-
fact elimination than the geometric mean, judging
from the fact that the former value is smaller than the
latter value. The harmonic mean is therefore used as ¥,
which is expressed as
(+N=-1 N

Yeo= I ey o

In addition to the harmonic artifact elimination, ¥
effectively works to eliminate the intensities acciden-
tally included in U elements. These noise intensities in
U elements originate from singly charged ions due to
contamination in a sample and/or multiply charged
ions due to different components in a mixture sample.
Since these intensities appear in U elements not with
consecutive but with sprinkling element numbers, the
noise intensities are removed by the function of ¥.
Furthermore, PCM with a large PCM order can remove
the intensities of sub-harmonic artifacts since the
number of sub-harmonic intensities appearing in U is
rather smaller than that of the corresponding true
intensities. For example, the sub-harmonic artifact at
2ty caused by three artifact intensities in U(2t,17)
shown in Fig. 1 is eliminated by PCM with the order
of 4. However, an increase of the PCM order to elim-
inate sub-harmonic artifacts is not adequate because
it may also remove the true peaks transformed from a
small number of multiply charged peaks.

2.4 Sub-harmonic artifact removal filter

To overcome the situation mentioned above, we
have developed an additional algorithm, a sub-har-
monic artifact removal filter (SHARF). SHARF uses
Ulto/n, 1) to remove the sub-harmonic artifacts appear-
ing at ¢g in [,(¢). Figure 3 shows examples of the SHARF
calculation with n=2, where two different sequences of
multiply charged peaks with the intervals of £, and £o/2
are represented; the former sequence is transformed
to the true peak at {o, while the latter is transformed to
the sub-harmonic artifact at ¢y by the Mann method.

In the SHARF calculation, Uglte/2,1) and U)(te/2,1)
are newly derived from Ufto/2, 1): Uglte/2, 1) and Uy(Lo/2,
i) correspond to Ulty/2, 27) and Ulto/2, 2i — 1), respec-
tively, as shown in Fig. 3. A comparison of them shows
that the intensity contributions of both U, are similar
but those of U; are different: no intensities of U, are
present in Fig. 3a, whereas the intensity distribution of
U, is similar to that of U, with consecutive element
numbers in Fig. 3b. For measurement of the difference
between Uy and U,, new values of I, and I, are calculat-
ed from Uy and U}, respectively, using the PCM calcula-
tion that removes the influence of noise intensities
accidentally included in J. The PCM order used in the
Iy and I, calculations is half of that used in the harmon-
ic elimination, because an intensity distribution of each
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Fig. 3. SHARF of the sub-harmonic artifacl elimination
at ¢y applied to multiply charged ions appearing
at intervals of to in I{s) , and to ones appearing
al intervals of /2 in I{s) .

U and U, is reduced to a half of one of Ulty/2,i). Using
Iy and I, we define a weight factor (w3), which is limited
in the range between 0 and 1.

we=(ly—N)/lo. (13)

The value of ws becomes larger with an increase of the
difference between Uy and U,. Ifto) is derived from w;
and /{({p) that results in the harmonic artifact elimina-
tion by PCM.

Ifto) =1 (to)ws . (14)

In Fig. 3a, for example, w; is one since no intensities in
U, lead I, to zero. Thus, Ifty) is equal to I;(t), where
SHARF preserves the true intensity calculated by
PCM. In Fig. 3b, on the other hand, w; is nearly equal
to zero, since the similar intensity distributions be-
tween U, and U, lead I; to nearly Ip. Thus, the sub-
harmonic intensity at o is removed by SHARF.

For the elimination of the third order sub-harmonic
artifacts, another weight factor (ws) is calculated from
the pair of Uplte/3,7) and U, (ty/3,7) that are derived
from Ulte/3,17): Unlto/3,1) and U,(¢e/3,1) correspond to
Ulty/3, 37) and Ulte/3, 3i—1), respectively., The PCM
order used in the [y and I; calculations is 3-fold smaller
than that used in the harmonic elimination, because an
intensity distribution of each Uy and U, is reduced to
one-third of one of Ulty/3,7). The other weight factors
for the higher orders such as ws and w7 can be calculat-
ed as well as ws. In this study, we take the weight
factors up to ws into account to obtain the final decon-
voluted spectrum,
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Lt)y=I{(wwsws . (15)

SHARF using Eq. (15) removes almost the sub-
harmonic artifacts arising from the multiply charged
peaks with intervals of t, w, works to remove the
artifacts at 2to, 4tp, --, w3 does at 3y, 6to, ---,and ws
does at 5fp, 104y +*+. The other sub-harmonic artifacts
such as 7y, 1140, and 134y are removed not by SHARF
but by PCM, because the number of their artifact in-
tensities appearing in U becomes considerably smaller
than that of the true intensities.

3. Experimental

Bovine heart cytochrome ¢, horse heart myoglobin
and hen egg lysozyme were purchased from Sigma
Corp. (St, Louis, MO, U.S.A) and were used without
further purification. Ultramark 1621 was obtained
from PCR Inc. (Florida, U.S.A). A JMS-700 double focus-
ing magnetic sector type mass spectrometer equipped
with an electrospray ionization source (JEOL Ltd,
Tokyo, Japan) was operated with the accelerating volt-
age of 5 kV, the ring voltage of 100 V, and the needle
potential of 2 kV. Samples were introduced into an
electrospray interface by the flow injection method,
with a mobile phase of 70% methanol and 30% water
containing 0.2% acetic acid, at the flow rate of 50
microliter/min. Programs for our method and for the
Mann method were developed by a Borland Delphi 2.0
compiler on a Microsoft Windows NT operating
system running on a computer with an Intel Pentium II
400 MHz microprocessor.

4, Results and Discussion

For evaluations of PCM and SHARF, a synthetic
spectrum with multiply charged ions of the molecular
mass My=16,950 was used. Figure 4a shows the spec-
trum, where an intensity distribution of the multiply
charged ions is assumed to be Gaussian with the max-
imum at the charge number of 21, and their peak
profiles are to be Gaussian in a resolution of 500.
Figure 4b shows the corresponding deconvoluted spec-
trum obtained by using the Mann method. As shown
in Fig. 4c, PCM with the order of 3 eliminates most
artifacts appearing in the result of the Mann method,
except for sub-harmonic artifacts. Furthermore, the
intensities of the sub-harmonic artifacts are so small
that they are hardly detected in the result of PCM with
SHARF (Fig. 4d). It is concluded that the harmonic
artifacts in the synthetic spectra are completely elimi-
nated by even PCM with the order of 2. SHARF
weakens the intensities of the sub-harmonic artifacts
to be less than 1% of the true peak, except for the
artifact at Mo/7; it is eliminated by PCM with the order
of 3, as described in the theory section.

PCM and SHARF were applied to an actually mea-
sured spectrum of cytochrome ¢, shown in Fig. 5a. The
deconvoluted spectrum of the Mann method is also
shown in Fig. 5b to be compared with our results.
Although PCM with the order of 3 removes harmonic
artifacts (Fig. 5¢) and SHARF removes sub-harmonic
artifacts (Fig.bd), the peak at 2M, still remains with a
small intensity in both the results. Judging from the
fact that PCM completely eliminates the intensity of
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Fig. 4. Deconvolution applied to a synthetic spectrum
with mulliply charged ions of the molecular
mass Mp=16,950: (a) synthetic spectrum, (b) its
deconvoluted spectrum calculated by the Mann
method, (c) one by PCM only, and (d) one by’

PCM with SHARF.

T
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the harmonic artifact at 2M, in the synthetic spectra,
this small peak is not considered to be an artifact but a
true peak. It probably arose from cytochrome ¢ dimer-
ized in the measurement.!”

Computational times for the deconvolution in Fig. 5
are 1, 2, and 6 seconds for the Mann method, PCM only
and PCM with SHARF, respectively, on a computer
with a Pentium II 400 MHz processor. Data points of
the spectra are 19,322 and 52,754 for the measured
spectrum with the m/z range from 500 to 2,000 and for
the deconvoluted spectra with the molecular mass
range from 2,000 to 30,000, respectively. The effective
algorithm extracling intensities of a measured spec-
trum enables us to accomplish such high-speed compu-
tation. The result of PCM with SHARF shows smaller
background noises and a flatter baseline than the other
results. In the Mann method and PCM, intensities of
their deconvoluted spectrum are sums of either U ele-
ments or ¥ values. The larger M of the deconvoluted
specirum, the larger number of U elements or ¥ values
is used for the summation. Even small baseline offsets
and background noises, large influence appears in
Iyw(M) when M becomes large. As a result, the decon-
voluted spectrum shows a gradually raised baseline
and larger noises with an increase of M. This trend is
slightly observed in Figs. 5b and 5¢, but not in Fig. 5d
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Fig. 5. Deconvolution applied to an actually measured
spectrum of cytochrome c¢: (a) measured spec-
trum, (b) its deconvoluted spectrum calculated
by the Mann method, (c) one by PCM only, and
(d) one by PCM with SHARF.

of the result with SHARF. As mentioned in the theory
section, the weight factors of SHARF represent the
dissimilarity of intensity distributions between Uy and
U,, the intensities of which are alternately extracted
from the corresponding U. Since baseline offsets are
constant and background noises fluctuate over the
measured m/z range, both Up and U, include the offsets
and the noises with the same degree; namely, in-
tensities of the offsets and the noises in Uy and U,
contribute to the similarity between Uy and U, , but not
to the dissimilarity. Thus, they are canceled in the
calculations of the weight factors even when M is large.
Consequently, SHARF supplies the deconvoluted spec-
trum with a flat baseline and a good signal-to-noise
ratio.

Although the Mann method generates many arti-
facts, its deconvolution of the simple summation of
measured intensities preserves the original peak shape.
On the other hand, a deconvolution algorithm with
non-linear calculation is accompanied with peak distor-
tion as a sacrifice of artifact elimination.®? Figure 6
shows the expanded spectra around the molecular
mass of cytochrome ¢ in Fig. 5; there are a main peak of
cytochrome ¢ due to proton adduction and small peaks
due to sodium, potassium and other adduct ions.'" By
comparing the spectra in Fig. 6 each other, the spectra
calculated by our method are almost the same as that

| (a)
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| \\ {b)
,____/'I T —
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! |
| (c)
|
u /' /—x< —_—

f I T
12150 12200 12250 12300 12350 12400

Fig. 6. Expanded spectrum of Fig. 5 for a comparison
of peak shapes: (a) deconvoluted spectrum
calculated by the Mann method, (b) one by PCM
only, and (c) one by PCM with SHARF.
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Fig. 7. Analysis of a spectrum complicated with singly
charged ions: (a) measured spectrum of lyso-
zyme with contamination of Ultramark, and (b)
its deconvoluted spectrum caiculated by PCM
with SHARF.

by the Mann method. Although our method uses the
non-linear calculation such as the harmonic mean, it
preserves the peak shapes to be comparable to the
Mann method.

PCM and SHARF effectively work for complicated
spectrum patterns composed of singly charged ions
and/or of multiply charged ions generated by more
than one molecular mass. For example, protein sam-
ples sometimes contain surface active agents as con-
tamination such as polyethylene glycol; this produces
singly charged ions with equal m/z intervals and with
a similar intensity distribution of multiply charge ions.
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Fig. 8. Analysis of a spectrum complicated with multi-
components: (a) measured spectrum with cyto-
chrome ¢, lysozyme, and myoglobin, and (b) its
deconvoluted spectrum calculated by PCM with
SHAREF.

A spectrum of lysozyme with Ultramark 1621 was
measured for an evaluation of such influence. As
shown in Fig. 7, the singly charged ions of Ultramark
are observed in the m/z range where the multiply
charged ions of lysozyme appear; thus, the peaks due to
lysozyme are not easily distinguished from those of
Ultramark. However, only one intense peak corre-
sponding to the molecular mass of lysozyme is ob-
served after the deconvolution of PCM with SHARF.
The PCM order used is 5, which is slightly larger than
that for the spectrum of cytochrome c. The influence of
the singly charged ions due to Ultramark is effectively
removed with the increase of the PCM order.

A mixture sample with components generating dif-
ferent sequences of multiply charged ions is chosen as
another example. Figure 8a shows a spectrum created
by co-addition of three measured spectra of cyto-
chrome ¢, myoglobin and lysozyme. In the spectrum,
the components represent different intensity distribu-
tions of the multiply charged ions: the lysozyme shows
the strongest intensities with the smallest number of
peaks, the myoglobin shows the weakest intensities
with the largest number of peaks and the cytochrome ¢
shows the middle intensities and the middle number of
peaks. Figure 8b shows the result of PCM and SHARF
with the PCM order of 5. The deconvoluted spectrum
clearly exhibits three peaks corresponding to the com-
ponents. It should be noted that the relative peak
intensities in the deconvoluted spectrum of PCM
depend on its order. In the PCM calculation, the abso-
lute deconvoluted intensities are reduced with in-
creases of the PCM order: the smaller is the number of
multiply charged peaks, the larger is the reduction. In

the spectrum in Fig. 8, the increases of the PCM order
make the lysozyme and myoglobin intensities weaker
and stronger, respectively, since the numbers of the
peaks of lysozyme and myoglobin in this example are
smallest and largest, respectively. If one requires true
relative peak intensities, one might use the Mann
method, although it generates many artifacts. Our
method is useful to find the true peaks among artifact
peaks, although the relative intensities are slightly
damaged.

5. Conclusion

The deconvolution using the PCM and SHARF algo-
rithms eliminates artifacts, resulting in deconvoluted
spectra with good signal-to-noise ratios. Our method
requires neither user-defined parameters such as a
threshold level to remove influence of background
noises,” nor a priori knowledge such as an intensity
distribution of multiply charged ions,® except for the
PCM order. Good deconvoluted spectra are obtained
when the PCM order of 3 is applied to spectra with
simple patterns, while the PCM order of 5 is applied to
ones with complicated patterns. Therefore, the PCM
order is not a critical parameter that is adjusted to
every measured spectrum, but is a fixed parameter in
most cases. If an optimal result is desired, however, the
best PCM order can be found with a trial-and-error
procedure, without consuming time, because a decon-
voluted spectrum is quickly obtained by the effective
algorithm of the deconvolution calculation.
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