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they are sufficiently close according to specific discrimina 
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1. 

METHOD COMPUTER PROGRAMAND 
SYSTEM TO ANALYZE MASS SPECTRA 

REFERENCE TO PRIORAPPLICATIONS 

The current application is a continuation application of 
U.S. Utility application Ser. No. 13/698,376, which was filed 
on 16 Nov. 2012, which is hereby incorporated by reference, 
and which claimed the benefit of European Patent Applica 
tion No. EP10165533.0, which was filed on 10 Jun. 2010. 

FIELD OF INVENTION 

This invention generally relates to mass spectra analysis; 
more particularly the invention provides a method for analyZ 
ing mass spectra of chemical Solutions. 

BACKGROUND ART 

The mass spectrometry principle consists in ionizing 
chemical elements to generate charged molecules or mol 
ecule fragments for which the mass-to-charge ratio will be 
measured. Mass spectra of ions, for example in a solution, 
provide a distribution of the ions by mass-to-charge ratio. The 
X-axis of a mass spectrum graph gives the mass-to-charge 
ratio identifying one ion and the y-axis gives the signal inten 
sity provided by these ions. A mass spectrum graph for one 
ion gives the (mass-to-charge, intensity) information for the 
ion read at the peak. For a chemical solution containing dif 
ferentions, each peak of the mass spectrum graph may indi 
cate the presence of a corresponding ion in the solution. 

However it is not always easy to identify ions in a mass 
spectrum of a chemical Solution when the mass spectrum 
graph contains a dense sequence of peaks and when for 
each peak—both the mass and the intensity measured by the 
instrument are Subject to errors. For instance, we may need to 
predict concentration of a soluble Substance in a solution by 
building regression models, the concentration of some ions in 
the solution being an unknown yet definite function of the 
Substance concentration. In the linear case the ions concen 
trations are related to the substance concentration by coeffi 
cients which are different for differentions. In order to build 
the regression models we must first be able to identify the 
peak intensity corresponding to a same ion in different mass 
spectra for different concentrations of a Substance in a solu 
tion. When the Substance corresponds to inorganic molecules 
the ions are easily identified in the mass spectra. However, in 
the case where an organic molecule is diluted in water the 
mass spectrum of the resulting Solution may include hundreds 
of ions, due to the dissociation of the large molecule in water. 
One prior art solution to identify in different mass spectra 

corresponding to different concentration of a Substance in a 
Solution, the information corresponding to a same ion, is to 
use a well known data binning technique. The data binning 
technique allows to reduce the effect of minor measurement 
errors: in the mass spectrum the mass range should be covered 
by non-overlapping intervals (bins) of uniform size (usually 
of one mass unit) and the intensity of each peak is accumu 
lated into the corresponding bin. However, let m be the error 
associated to the ion mass measurement across all solutions to 
be analyzed for building the regression model, two effects 
related to the error m may undermine the binning approach, 
namely: 

With a bin size comparable to (or smaller than) m it is 
likely that the peak of a given ion in different spectra would be 
accumulated in different bins; 
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2 
With a bin size larger than m, it generally happens that the 

peaks of two or more ions with similar masses are accumu 
lated in the same bin. However those ions may have a totally 
different linear dependency on the Substance concentration 
and, because of the previous effect, the same bin may accu 
mulate the contributions from different ions across different 
spectra. 

There is thus a need to have a method for identification of 
in mass spectra graph peaks corresponding to the same physi 
cal ion across Solutions prepared with different known con 
centrations of a substance. 

SUMMARY OF THE INVENTION 

It is an object of the present invention to define a method for 
identifying peaks corresponding to the same ion in different 
mass spectra in a reliable way. 
The object is reached with a method performed on a com 

puter to identify peaks generated by different physical ions in 
a solution including a certain concentration of at least one 
Substance by analyzing mass and intensity coordinates of all 
peaks, measured with errors, coming from a set of mass 
spectra data files, the method comprising, 

reading coordinates of a peak from a first mass spectrum 
data file in the set of mass spectra data files; 

selecting from each the mass spectrum data file other than 
the first mass spectrum data file, peak coordinates which are 
close to the read peak coordinates from the first mass spec 
trum, by computing a distance function qualifying a proxim 
ity between two peaks; 

determining the highest scored sequence of peaks compris 
ing the read peak from the first mass spectrum and one 
selected peak from each other mass spectrum by computing a 
score function qualifying the likelihood that all peaks in the 
sequence have been generated by the same type of physical 
ion; 

storing the highest scored sequence only if the ratio highest 
scored/second highest scored sequence is above a limit ratio: 

reading coordinates of one other peak from the first mass 
spectrum data file and executing the preceding selecting, 
determining and storing steps until all the peaks from the 
mass spectrum are read, each of the resulting sequences con 
taining peaks, one for each mass spectrum, identified as being 
generated by a same physical ion. 
The object is also reached with a method further compris 

ing: 
Suppressing among the stored sequences any Subset of 

sequences which are found to include a same peak of a same 
mass spectrum. 
The object is also reached with a method further compris 

ing wherein the distance function between two peaks and the 
scoring function depend on the mass and intensity of the two 
peaks. 
The object is also reached with a method further compris 

ing wherein the distance function between two peaks depends 
on the mass of the peaks and the scoring function depends on 
a combination of the mass of the peaks and the peak concen 
tration-intensity correlation. 
The object is also reached with a method further compris 

ing wherein the identifying the resulting peak sequences cor 
responding to ions is executed on a first set of mass spectra for 
a given c concentration using a first distance and a first scoring 
function which both depend on the mass and intensity of the 
peaks; the method further comprising: 

repeating the preceding steps on further sets of mass spec 
tra, the first and further sets of mass spectra corresponding to 
different concentrations; 
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computing average mass-intensity peak coordinates for 
each sequence resulting from execution of the preceding steps 
for each Solution concentration and obtaining a series of 
virtual peaks per each concentration; 

applying the steps of the method to the set of virtual mass 
spectra, each virtual mass spectrum corresponding to one 
concentration, each virtual mass spectrum comprising the 
computed series of virtual peaks, using a second distance 
function between two peaks which depends on a combination 
of the mass of the peaks and the peak concentration-intensity 
correlation, the resulting sequences being the peaks corre 
sponding to anion in the different virtual mass spectra, each 
virtual mass spectrum corresponding to one solution con 
centration. 
The object is also reached with a method further compris 

ing wherein the first distanced function between two mass 
spectra peaks P with coordinates X and y and p with coor 
dinates X2 and y2 is: 

d(pp.) Vor-xylyl-pyr 
R being the ratio between the relative errors associated to the 
y coordinate and X coordinate. 

The object is also reached with a method further compris 
ing wherein the first scoring of a sequence is: 

1 fmaxa (p1.p2) 

where p1, p2 are any two peaks in the sequence and d (pl. p2) 
is the distance between them. 
The object is also reached with a method further compris 

ing wherein the second distanced function between two mass 
spectra peaks P and p with coordinates X andy and p with 
coordinates X and y is: 

d(pp.)=absolute value(x-x2). 

The object is also reached with a method further compris 
ing wherein the second scoring of a sequence is: 

correlation coefficient(c1-1, C2, 2, ... CNyN), maxd 
(p1.p2) 

where p1, p2 are any two peaks in the sequence and d (pl. p2) 
is the distance between them. 
The object is also reached with a system comprising means 

adapted to carry out the steps of the method. 
The object is also reached with a computer program com 

prising instructions for carrying out the steps of the method 
when the computer program is executed on a computer. 
Some advantages are obtained by applying the first stage of 

the proposed two-stage filtering process to data obtained from 
a mass spectrometer. 
One advantage is that the method provides an indication of 

the amount of errors associated with a measurement of the 
mass value and of the error associated to the measurement of 
the intensity value for all those peaks which are retained in the 
filtered spectra. 

Another advantage is that a large amount of discarded 
peaks would provide an early indication of quality problems 
in the measurement namely of problems associated to a non 
perfect standardization of the measurement conditions (for 
example because of samples being measured at different tem 
peratures or far from a steady state of equilibrium) or because 
of the uncontrolled presence of contaminants in Some of the 
samples. 
A further advantage is that peaks generated by ions with 

very similar or identical mass but different structure would be 
eliminated from the filtered spectra, thus simplifying the 
work of building a model relating the composition of a given 
Solution to a measured spectrum. 

5 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

4 
According to a second aspect of the present invention, there 

are advantages obtainable by applying the second stage of the 
proposed two-stage filtering process to data which have 
passed the first stage. 
One advantage is that peaks generated by ions whose con 

centration in the solution is far from a linear function of the 
concentration of the Substance of which samples are mea 
sured at different concentrations are eliminated from the fil 
tered spectra. This simplifies the work of building a linear 
model relating the composition of a given solution to a mea 
Sured spectrum. 

Another advantage is that a large amount of discarded 
peaks would provide an early indication of quality problems 
in the data (for example because of samples being measured 
at different temperatures or far from a steady state of equilib 
rium) or they could indicate a complex (non-linear) relation 
ship between the concentration of an “identified ion' and the 
concentration of the Substance of which samples are mea 
sured at different concentrations. In the first case, better data 
could be obtained by a more controlled process and the risks 
of exploiting inaccurate data is avoided. In the second case, it 
may be necessary to construct a non-linear model of the data 
and the risks of false assumptions in the exploitation of the 
data can be avoided. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 shows details of a first mass spectrum measured on 
one sample of a chemical Solution and a visualization of five 
mass spectra (A, B, C, D, E) obtained on different samples 
from the same solution. 

FIG. 2 illustrates the environment wherein the method of 
an embodiment is implemented. 

FIG. 3 is the flowchart of the ion identification method 
which can be used with different identification criteria 
according to an embodiment. 

FIG. 4 is the general flowchart of the method to identify the 
same ion in mass spectra corresponding to different known 
concentrations of a substance applying the method of FIG. 3 
according to an embodiment. 

FIG. 5 shows the data structure of inputs to stage 1 of the 
general flowchart of FIG. 4 and the data structure of stage 1 
output according to an embodiment. 

FIG. 6 shows the data structure of inputs to stage 2 of the 
general flowchart of FIG. 4 and the data structure of stage 2 
output according to an embodiment. 

DETAILED DESCRIPTION OF THE INVENTION 

FIG. 1 shows details of a first mass spectrum measured on 
one sample of a chemical Solution and a visualization of five 
mass spectra (A, B, C, D, E) obtained on different samples 
from the same solution. The first chart (100) is partial view of 
a mass spectrum of ions in a water Solution containing 5 parts 
per million of a chemical Substance around a peak of mass 
257.1 and intensity above 500000 in the units used for the 
mass spectrometer output. The entire spectrum contains 
about 1500 peaks. The second mass spectrum (110) is 
obtained by repeating the measurement on the same sample 
with the same instrument, the values associated to the same 
peak oscillate by 0.1% in the mass value and about 10% in the 
intensity value. In the second 3D diagram (110) the mass 
errors were artificially forced to be constantly zero. In this 
case peaks (115) can be easily identified as representing the 
same ion. The problem is how to identify the peaks in differ 
ent samples corresponding to a same ion if both the mass (X 
value) and the intensity (Y value) are subject to measurement 
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errors. When the error affecting the mass measurements of 
two ions exceeds the difference between their “true' masses, 
it is impossible to identify that two peaks in different spectra 
belong to the same ion. Even if the error is relatively small, 
implementing a robust “identification’ process in a computer 
program requires specific discrimination criteria going 
beyond the proximity of mass values. 

FIG. 2 illustrates the environment wherein the method of 
an embodiment is implemented. FIG. 2 shows the context of 
the invention. Solutions with varying known concentrations 
of a given chemical Substance are analyzed by a mass spec 
trometer (200) producing data files (spectra 210). A spectrum 
contains a sequence of peaks, a peak being described by its 
mass-to-charge ratio and signal intensity values (the peak 
coordinates in a graphic representation) measured by the 
spectrometer. 

It is noted also that if the method is applied to a solution 
containing only one Substance, this method will help to deter 
mine the peak values of the solution at different concentration 
of the substance, this will help in determining a linear model 
helping to determine the presence of a substance in a solution 
at a specific concentration. 
The mass spectrum data files are processed in an embodi 

ment by programs operating on a computer (220). Still in an 
embodiment, the ion identification method comprises an 
identification process engine (240) which is applied in a two 
stage process program (230). The ion identification engine 
applies in each stage different discrimination criteria. In the 
first stage the ion identification engine applies a mass-inten 
sity based proximity criterion as described later on in the 
document in relation with the description of FIG. 4. The first 
stage takes as input mass spectra files (210) produced by the 
spectrometer and produces ion tables (T1), one row repre 
senting peaks in different spectrum corresponding to one ion. 
The mass spectra processed in stage 1 are those correspond 
ing to a set of measurement samples done on a solution 
containing a certain concentration of a chemical Substance, 
the output applied to one sample set being one ion table (T1). 
The operation is repeated for N sets of mass spectra corre 
sponding to N different concentrations of the chemical sub 
stance. The output of stage 1 results in Nion tables (T1250), 
one per set of samples, each one corresponding to a concen 
tration of the solution. 

In the second stage the ionidentification engine is executed 
once. For peak identification it applies a discrimination cri 
terion which is a combined mass-proximity and concentra 
tion-intensity correlation criterion as described later on in the 
document in relation with the description of FIG. 4 The sec 
ond stage uses as input the ion tables created during stage 1 
which are converted into virtual mass spectra and gives as 
output one identified ion table (T2260). The output ion table, 
T2, provides for each ion identified in the solutions, in each 
row, a reference to a series of peaks coordinates for each 
concentration. 

In an embodiment, the invention is implemented as a com 
puter program product accessible from a computer-usable or 
computer-readable medium providing program code for use 
by or in connection with a computer or any instruction execu 
tion system. It is noted that the invention can take the form of 
an entirely hardware embodiment, an entirely software 
embodiment oran embodiment containing both hardware and 
Software elements. In an embodiment, the invention is imple 
mented in software, which includes but is not limited to 
firmware, resident Software, microcode, etc. 

FIG. 3 is the flowchart of the ion identification method 
which can be used with different identification criteria 
according to an embodiment. The flowchart describes the ion 
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6 
identification method allowing to identify peaks correspond 
ing to the same ion type as they occur in different spectra 
obtained from Solutions in which one substance is present in 
different concentrations. 
To illustrate the ion identification method we use mass 

spectra as inputs. This simplifies the comprehension of the 
steps of the method even if, as stated in description of FIG. 2, 
in stage 2 the inputs are not directly mass spectra but the ion 
identification tables T1 which are converted into virtual mass 
spectra. As a matter of fact, the output T1 tables refer in each 
row to peaks corresponding to a same ion in the different mass 
spectra which have been used as input: an average of peak 
coordinates are computed for each row of each T1 table to 
obtain the virtual mass spectra. 

In a first step (300) the mass spectra are all accessed. As 
already said the mass spectra provides peaks with their X 
coordinate being the mass-to-charge ratio (called mass in the 
rest of the document) and Y coordinate being the intensity of 
the signal (called intensity in the rest of the document). All the 
mass spectra correspond to measurement samples of a same 
Solution having a certain concentration of a chemical Sub 
stance soluble in a solution, this Substance needed to be 
analyzed. The M spectra are numbered from 1 to M. 
The mass spectra access means that the mass spectrum data 

files containing coordinates of peaks are read by the computer 
and preferably stored in memory as a data structure. One 
example of Such data structure used by the ion identification 
engine is described later on the document in relation with 
description of FIG. 5. One table is built per mass spectrum. 
Each table row may store the coordinates of a peak of the mass 
spectrum. 

In step 305 one peak is read on one of the M spectra. The 
one spectrum in which one peak is read contains N1 peaks 
indexed from 1 to N1 and an iteration over all those peaks is 
initialized (see test 360 later on in the flowchart). The read 
peak is taken as the basis for the Successive identification of 
corresponding peaks from the remaining spectra. According 
to the following process the peak representing a potential ion 
in this first spectrum is analyzed. The inner iteration over the 
remaining spectra is initialized (see test 330 later on in the 
flowchart). 
An appropriate “distance” function between two peaks is 

used to find a certain number of peaks in the current spectrum 
which are the closest to the one currently selected in step 305. 
At least one peak and a limited number of peaks are selected 
by limiting the distance to a pre-defined distance max d. (320). 
It is possible, if limiting the search within the pre-defined 
distance that no peaks are found. It is noted that the choice of 
the distance function is based on criterion a mass-intensity 
based proximity in stage 1 and a mass-proximity criterion in 
stage 2. The distance functions are more detailed later on in 
the document in relation with the description of FIG. 4. 
By reading all the spectra (executing the loop on answer no 

to test 330) all possible candidate sequences of M selected 
peaks are created using the current peak from the first spec 
trum and candidate peaks found in the spectra from 2 to M. 
The total number of Such sequences is equal to the product 
nXinx... xn where n, is the number of candidate peaks 
found on the spectrum with index “i” and M is the number of 
peaks in each sequence. In step 335 an appropriate scoring 
function is applied to each sequence to compute a scoring 
value. The function must be chosen so that high scoring 
values should only be obtained for sequences where the peaks 
are all expression of the same type of ion. The choice of the 
scoring function depends on ion identification criteria cho 
sen; the scoring function will be more detailed later on in the 
document in relation with the description of FIG. 4. 
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In the next step (340) the sequences created in the preced 
ing steps are sorted by the corresponding score values com 
puted in step 335, the highest score corresponding to the first 
position in the Sorted list of sequences. 

In the next step (345) a “Ratio” variable is computed as the 
ratio between the first score and the second score in each 
sequence. The scoring function used in step 335 produces a 
value of the Ratio variable significantly above unity to indi 
cate that a single sequence winner has emerged from the 
contest. The computed value of Ratio is compared in step 350 
against a pre-defined threshold (limit-Ratio). A value below 
the threshold indicates no clear sequence winner meaning 
that no identification is possible for the current ion. The 
sequence with the highest score value and for which the Ratio 
variable equals or exceeds the limit-Ratio is kept for this peak 
read in step 305. 
A trace is kept (357) of the (X mass.Y intensity) values of 

each sequence member of the valid winner sequence (if there 
is any), each member of the sequence being one peak in each 
spectrum, all peaks corresponding to the same ion. This infor 
mation may be kept in an ion identification table (T1, T2) as 
described in relation with the description of FIG. 5 or 6 later 
on in the document. 
The following step (360) is performed also if there is no 

valid winner sequence for a peak read and ion identification 
candidate (answer no to test 350). If all peaks are not read in 
the one spectrum (answer No to test 360) the same loop from 
step 315 to 360 is executed to identify the highest scored 
sequence identifying an ion in each spectrum. 
When all peaks have been read for the one spectrum used 

for this algorithm (answer Yes to test 360) all peaks in the one 
spectrum for which a winner sequence has been produced can 
be tentatively considered to have been generated from the 
same physical ion. A global consistency check (365) is per 
formed by examining the resulting sequences of peaks. A 
resulting sequence of peaks in each sequence is the expres 
sion of a specific ion type only if each peak appears once in 
each sequence. Sequences that have one or more peaks in 
common are thus discarded. The remaining sequences can be 
used with a higher level of confidence with respect to the 
original data. In fact, each sequence characterizes the 
response of the instrument to the presence of a specific (al 
though unknown) ion type. At the end of the execution of the 
flowchart, the final ion identification table contains only the 
references to the sequences of peaks confirmed by the global 
consistency check. However the global consistency step is 
optional because all the sequences selected by the preceding 
steps may lead to a correct result. 

FIG. 4 is the general flowchart of the method to identify the 
same ion in mass spectra corresponding to different known 
concentrations of a substance applying the method of FIG. 3 
according to an embodiment. In this flowchart two comple 
mentary implementations of the ion identification process of 
FIG.3 are connected in a two-stage pipeline. The first stage of 
the pipeline uses as input series sets of spectra produced by 
the spectrometer measuring Solutions with different concen 
trations. The second stage of the pipeline takes in input the 
data output by the first stage and produces the final output 
which is for eachion a reference to peak coordinates for each 
concentration. 

In stage 1 (400) the ion identification process is applied to 
multiple spectra obtained from solutions which contain the 
same substance at (N) different levels of the concentration. 
Multiple (M) spectra are obtained by the instrument for each 
level of the concentration, either by repeating the measure M 
times on the same sample or by taking the measure from M 
equivalent samples. This means that the method as described 
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8 
with the flowchart of FIG. 3 is processed (405) on each set of 
samples mass spectra measured for one solution concentra 
tion. A mass-intensity based proximity criterion is used for 
identifying ions across spectra of solutions with the same 
(known or unknown) concentration of one or more Sub 
stances. With this method, Mpeaks from corresponding spec 
tra are said to be “generated by the same ion’ if they are “the 
closest to each other based on a proper distance function 
which depends on the X and Y coordinates of two peaks and 
on the different sizes of the relative error affecting the mea 
Surements of mass (the Xs) and, respectively, of the ions 
concentration (the y's). The output from stage 1 includes a 
sequence of Mpeaks for each identified ion and for each level 
of the concentration. T1 Ion identification tables being one 
example of way to keep the information resulting of the ion 
identification method of FIG. 3 are described later on in the 
document in relation with the description of FIG. 5. 
The distance function and the scoring function used 

respectively in step 315 and step 335 of the identification 
process performed in stage 1 are chosen according to a mass 
intensity based proximity criterion. Any “distance” function 
d(p,p) between two "points” (peaks) must be such that d(p, 
p) vanishes for i ij while it is always positive otherwise. 
Associated with each peak are two coordinates (X and y) 
representing the ion mass (X) and the signal intensity (y) thus 
it is possible in principle to take for a distance function the 
standard Euclidean distance in two-dimensional space based 
on the X and y coordinates of two peaks. This however is not 
suitable without corrections as it does not account for the 
different scales and precision associated to the X and y coor 
dinates of a point (peak). The examination of mass spectra 
from an ordinary instrument shows that the mass (x coordi 
nate) value is determined with a relative error of about 0.1% 
while the intensity (y coordinate) is determined with a relative 
error of about 10% hence two orders of magnitude higher. 
Defining R as the ratio between the relative errors associated 
to the y coordinate and to the X coordinate, the proposed 
distance function is the following. X1, y1 being the coordi 
nates of peak p1 and X2, y2 being the coordinates of peak p2: 

The calculation of a scoring value in step 335 of the ion 
identification process is performed on each “candidate 
sequence' of peaks. The scoring function is thus a function of 
the set of peaks in the candidate sequence. In stage 1 this 
function is simply the reciprocal of the distance function (the 
one employed in block 315) for the two peaks in the sequence 
that are farthest apart from each other. The scoring function is: 
1/max dipl, p2) where p1 and p2 are any two peaks in the 
Sequence. 

Therefore, the “closest to each other are peaks in a 
sequence, the higher is the scoring value assigned to the 
sequence. The combination of the above distance function 
and scoring function are found adequate for the ion identifi 
cation process performed in stage 1 where all spectra are 
taken from samples with the same concentration of a given 
Substance. 
The process of the flowchart of FIG. 4 continues with stage 

2 (410) for which the inputs are the ion identification tables 
(such as Tl) created in stage 1. 
The data contained in the ion identification tables are 

equivalent to mass spectra data as already mentioned. Each 
sequence of peaks corresponding to an ion “identified in 
stage 1 is effectively replaced with a “virtual peak whose 
mass and intensity are obtained by averaging over the 
sequence. In stage 2 the process of the ion identification 
method as described with the illustrative flowchart of FIG. 3 
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is applied (415) to these virtual peaks. The objective is to 
“identify virtual peaks generated by the same ion across 
spectra measured from samples with a different level of the 
Substance concentration. A combined mass-proximity and 
concentration-intensity correlation criterion is used for iden- 5 
tifying ions across spectra of Solutions at L different known 
concentrations of one given Substance. With this method, a 
sequence of L peaks is said to “belong to the same ion’ if it 
maximizes an "optimality measure' which weights the prod 
uct of “closeness' with respect to the mass and the “strength 10 
of linear correlation' between the values of concentration C 
and of intensity Yacross the peaks. The distance and scoring 
functions are defined taking into account the ion identifica 
tion criterion for stage 2. The use of these distance and scoring 
functions is to filter out sequences of peaks which do not show 15 
a strong linear correlation between the Substance concentra 
tion and the intensity values. The output from stage 2 provides 
a sequence of “virtual peaks” for the same ion, each “virtual 
peak’ corresponding to a different level of concentration. In 
this form, the information derived from the spectrometer can 20 
be exploited by applications—not part of the present inven 
tion—aimed at building a model of the mass spectrum where 
the intensity observed on a number of selected peaks (chan 
nels) is a linear function of the concentration of one or more 
substances. The T2 Ionidentification table being one example 25 
of way to keep the information resulting of the ion identifi 
cation method of FIG. 3 is described later on in the document 
in relation with the description of FIG. 6. 
The distance function and the scoring function used 

respectively in step 315 and step 335 of the identification 30 
process performed in stage 2 are chosen according to the 
combined mass-proximity and concentration-intensity corre 
lation criterion. In stage 2 one cannot expect peaks generated 
by the same ion to exhibit similar values for the intensity 
across spectra, because the latter are taken at different con- 35 
centrations of the Substance. For this reason, the distance 
function used in stage 2 depends only on the X coordinate (ion 
mass) of a peak: 

where abs() is the absolute value function. 
The calculation of a scoring value in block 335 of the ion 

identification process is performed on each “candidate 
sequence' of peaks. The scoring function is thus a function of 
the set of peaks in the candidate sequence. In stage 2 it is 45 
possible in principle to take for a distance function the statis 
tical correlation coefficient. The idea is that a high correlation 
coefficient (close to unity) would only result from peaks 
which correspond to the same physical ion (and exhibiting a 
response which is linear with the Substance concentration). So 
However, experiments conducted with real data showed that 
in this case the ratio between the scoring values (equal to 
correlation coefficient) on the highest scoring sequences 
would often be very close to unity, making it impossible to 
decide on a clear “winner. A more appropriate scoring func- 55 
tion should also take into account the proximity of mass 
values for all peaks in a sequence. Therefore, the proposed 
scoring function is taken as the product of two terms. One 
term is the correlation coefficient calculated over peaks of a 
sequence, where substance concentration is the independent 60 
variable and peak intensity is the dependent variable. The 
second term is the reciprocal of the distance function (the one 
employed in block 315) for the two peaks in a sequence that 
are farthest apart from each other. 
The scoring function is: 65 

40 

correlation coefficient(c1-1, C2, 2, ... CNyN), maxd 
(p1.p2) 

10 
where p1, p2 are any two peaks in a sequence and d (p1, p2) 
is the distance between them. 
The combination of the above distance function and scor 

ing function are found adequate for the ion identification 
process performed in stage 2 where spectra are taken from 
samples with different concentrations of a given Substance. 

FIG. 5 shows the data structure of inputs to stage 1 of the 
general flowchart of FIG. 3 and the data structure of stage 1 
output according to an embodiment. Particularly the output 
table as the one described in FIG.5 is one way to represent the 
result of stage 1 applying the ion identification method using 
a distance and scoring function according to a mass-intensity 
based proximity criterion. 
The input (500) comes from for a given concentration of 

a Substance in the solution sample—M spectra, obtained by 
repeating the measurement M times or by applying the mea 
Surement to M identical samples. Each spectrum data read 
from data files by the computer can be stored in memory as a 
table with two columns (X and Y) where—on each row—the 
ion mass measure by in the X column and the corresponding 
measured intensity in the Y column. 
The output (600) may be represented by a table (T1) of M 

columns—one for each measured spectrum—and as many 
rows as there were identified ions at the end of stage 1. Each 
row contains pointers (515) to the peaks which areassumed to 
have been generated by the same physical ion in each one of 
the Minput spectra. Each row contains pointers correspond 
ing to a same winner and valid sequence which obtained the 
highest score with an acceptable scoring ratio. 

For example the row number 27 (27 is one row index value 
in the table) marked with a gray background in the output 
table contains the numbers 503, 506, 502,504,504, which 
give the positions in the input spectra of the identified ion. 
This means that 

the peak at row 503 of the first input spectrum, 
the peak at row 506 of the second input spectrum, 
etc. 

have been “identified by the stage 1 process, thus it can be 
safely assumed that those peaks have been generated by the 
same physical ion. 
By taking the average and spread of the M values of mass 

(X) and intensity (Y) corresponding to a given row of the 
output table, one estimates the size of the errors affecting the 
measurement of those quantities. 
The information associated to a given row in the above 

output table can be reduced by defining a “virtual peak' of 
which mass and intensity values are averages of the corre 
sponding values over the M“identified peaks. Alternatively, 
one can consider the minimum and maximum values of the 
mass and intensity for each row, thus defining a “virtual peak 
by an interval X, X for the mass and by an interval 
ly, y, for the intensity. 
A specific use of the ion identification method applied as 

described in FIG. 4 allows using the results to build a linear 
model relating the composition of a given solution to a mea 
Sured spectrum. In this case, the stage 1 inputs are mass 
spectra measured for one solution including only one single 
Substance at different known concentrations. In this way, the 
ion identification table (T1510) contains the ions identified 
with their reference X,Y peak values in each mass spectrum 
for a given concentration. 

Such an ion identification table (T1,500) is built for each 
Solution concentration for which a set of mass spectra has 
been obtained. 

FIG. 6 shows the data structure of inputs to stage 2 of the 
general flowchart of FIG. 4 and the data structure of stage 2 
output according to an embodiment. As said before, in the 
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method described with the flowchart of FIG. 4, the stage 2 
inputs used are not mass spectra but are mass spectra equiva 
lent data derived from the output T1 ion identification tables 
obtained as output of stage 1. The inputs of stage 2 consist of 
N tables (600), each one the output of the stage 1 process 
applied to a different (known) concentration of the same 
Substance. Each row in the input tables can be associated to a 
“virtual peak with an estimated mass, intensity and errors. 
These inputs can be processed in stage 2 by the ion identifi 
cation method as the equivalent inputs data (500) which are 
the input mass spectra of FIG. 1. tables. 

The output may consist of a table (610) with N columns— 
one for each concentration of the Substance—and as many 
rows as there were identified ions at the end of stage 2. Each 
row contains pointers: the pointer (615) found in the column 
associated to a given concentration refers to a row in the input 
table for that concentration. Therefore, the output table pro 
duced at the end of stage 2 allows one to say that those 
“virtual peaks are all associated to the same physical ion. 
The invention claimed is: 
1. A method performed on a computer system including a 

mass spectrometer and anion identification engine to identify 
peaks generated by different physical ions in a solution 
including a certain concentration of at least one Substance, the 
method comprising: 

analyzing a solution including a concentration of a given 
chemical Substance using the mass spectrometer to pro 
vide a plurality of mass spectrum data files; and 

employing the ion identification engine for: 
reading coordinates of a peak from a first mass spectrum 

data file in the plurality of mass spectra data files; 
selecting from each mass spectrum data file other than 

the first mass spectrum data file, peak coordinates 
which are close to the read peak coordinates from the 
first mass spectrum, by computing a distance function 
qualifying a proximity between two peaks; 

determining a highest scored sequence of peaks com 
prising the read peak from the first mass spectrum and 
one selected peak from each other mass spectrum by 
computing a scoring function qualifying a likelihood 
that all peaks in the sequence have been generated by 
a same type of physical ion; 

storing the highest scored sequence only if a ratio of the 
highest scored sequence to a second highest scored 
sequence is above a limit ratio: 

reading coordinates of one other peak from the first mass 
spectrum data file and executing the preceding select 
ing, determining and storing steps until all the peaks 
from the mass spectrum are read, each of the resulting 
stored sequences containing peaks, one for each mass 
spectrum; and 

identifying different physical ions in the solution based 
on the stored sequences, each of the scored sequences 
containing peaks generated by the same physical ion. 

2. The method of claim 1 further comprising: 
Suppressing among the stored sequences any Subset of 

sequences which are found to include a same peak of a 
same mass spectrum. 

3. The method of claim 1 wherein the distance function 
between two peaks and the scoring function depend on a mass 
and intensity of the two peaks. 

4. The method of claim 1 wherein the distance function 
between two peaks depends on the mass of the peaks and the 
scoring function depends on a combination of the mass of the 
peaks and a peak concentration-intensity correlation. 

5. The method of claim 1 wherein, the steps of the method 
of claim 1 for identifying the resulting peak sequences cor 
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12 
responding to ions are executed on a first set of mass spectra 
for a given concentration c using a first distance and a first 
scoring function which both depend on the mass and intensity 
of the peaks; 

the method further comprising: 
repeating the preceding steps on further sets of mass 

spectra, the first and further sets of mass spectra cor 
responding to different concentrations; 

computing average mass-intensity peak coordinates for 
each sequence resulting from execution of the preced 
ing steps for each solution concentration and obtain 
ing a series of virtual peaks per each concentration; 
and 

applying the steps of the method of claim 1 to the set of 
virtual mass spectra, each virtual mass spectrum cor 
responding to one concentration, each virtual mass 
spectrum comprising the computed series of virtual 
peaks, using a second distance function between two 
peaks which depends on the mass of the peaks and a 
second scoring function which depends on a combi 
nation of the mass of the peaks and a peak concentra 
tion-intensity correlation, the resulting sequences 
being the peaks corresponding to an ion in the differ 
ent virtual mass spectra, each virtual mass spectrum 
corresponding to one solution concentration. 

6. The method of claim 5 wherein the first distance d 
function between two mass spectra peaks p with coordinates 
X and y and p with coordinates X and y is: 

R being a ratio between relative errors associated with the 
y coordinate and X coordinate. 

7. The method of claim 5 wherein the first scoring of a 
sequence is: 

1 fmaxa (p1p2) 

where p1, p2 are any two peaks in the sequence and d (pl. 
p2) is the distance between them. 

8. The method of claim 5 wherein the second distanced 
function between two mass spectra peaks p and p with 
coordinates X and y and p with coordinates X and y is: 

d(pp)=absolute value(x-x). 

9. The method of claim 5 wherein the second scoring of a 
sequence is: 

correlation coefficient(c1-1.c2-2, ... CNyN), maxd 
(p1.p2) 

where p1, p2 are any two peaks in the sequence and d (pl. 
p2) is the distance between them. 

10. The method according to claim 1, further comprising a 
computer program stored in a non-transitory computer read 
able medium. 

11. A method performed on a computer system including a 
mass spectrometer and an ion identification engine for iden 
tifying peaks generated by different physical ions in a solu 
tion including a certain concentration of at least one Sub 
stance, the method comprising: 

a first process including: 
analyzing a solution including a concentration of a given 

chemical Substance using the mass spectrometer to 
provide a plurality of mass spectrum data files; and 

employing the ion identification engine for: 
reading coordinates of a peak from a first mass spec 

trum data file in the plurality of mass spectra data 
files; 
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selecting from each mass spectrum data file other than 
the first mass spectrum data file, peak coordinates 
which are close to the read peak coordinates from 
the first mass spectrum, by computing a distance 
function qualifying a proximity between two 
peaks; 

determining a highest scored sequence of peaks com 
prising the read peak from the first mass spectrum 
and one selected peak from each other mass spec 
trum by computing a scoring function qualifying a 
likelihood that all peaks in the sequence have been 
generated by a same type of physical ion; 

storing the highest scored sequence only if a ratio of 
the highest scored sequence to a second highest 
scored sequence is above a limit ratio: 

reading coordinates of one other peak from the first 
mass spectrum data file and executing the preced 
ing selecting, determining and storing steps until 
all the peaks from the mass spectrum are read, each 
of the resulting sequences containing peaks, one 
for each mass spectrum; and 

identifying different physical ions in the solution 
based on the stored sequences, each of the scored 
sequences containing peaks generated by the same 
physical ion 

wherein the first process is executed on a first set of 
mass spectra for a given concentration c using a 
first distance and a first scoring function which both 
depend on the mass and intensity of the peaks, and 
wherein the method further comprises: 

repeating the first process on further sets of mass 
spectra, the first and further sets of mass spectra 
corresponding to different concentrations; 

computing average mass-intensity peak coordinates 
for each sequence resulting from execution of the 
first process for each solution concentration and 
obtaining a series of virtual peaks per each concen 
tration; and 
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applying the steps of the of the first process to the set 

of virtual mass spectra, each virtual mass spectrum 
corresponding to one concentration, each virtual 
mass spectrum comprising the computed series of 
virtual peaks, using a second distance function 
between two peaks which depends on the mass of 
the peaks and a second scoring function which 
depends on a combination of the mass of the peaks 
and a peak concentration-intensity correlation, the 
resulting sequences being the peaks corresponding 
to an ion in the different virtual mass spectra, each 
virtual mass spectrum corresponding to one solu 
tion concentration. 

12. The method of claim 11 wherein the first distanced 
function between two mass spectra peaks p with coordinates 
X and y and p2 with coordinates x and y is: 

d(p p-va-vagi-P R 

R being a ratio between relative errors associated with the 
y coordinate and X coordinate. 

13. The method of claim 11 wherein the first scoring of a 
sequence is: 1/max dop1, p2) where pl. p2 are any two peaks 
in the sequence and d (pl. p2) is the distance between them. 

14. The method of claim 11 wherein the second distanced 
function between two mass spectra peaks p and p with 
coordinates X and y and p with coordinates x and y is: 
d(pp)-absolute value(x-x). 

15. The method of claim 11 wherein the second scoring of 
a sequence is: 

correlation coefficient(cly 1.c2,2,... c.NyN)/maxd 
(plp2) 

where p 1, p2 are any two peaks in the sequence and d (p1. 
p2) is the distance between them. 


