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ABSTRACT: The complexity of biological samples poses a
major challenge for reliable compound identification in mass
spectrometry (MS). The presence of interfering compounds
that cause additional peaks in the spectrum can make
interpretation and assignment difficult. To overcome this
issue, new approaches are needed to reduce complexity and
simplify spectral interpretation. Recently, focused on unknown
metabolite identification, we presented a new approach,
RANSY (ratio analysis of nuclear magnetic resonance
spectroscopy; Anal. Chem. 2011, 83, 7616−7623), which
extracts the 1H signals related to the same metabolite based on
peak intensity ratios. On the basis of this concept, we present the ratio analysis of mass spectrometry (RAMSY) method, which
facilitates improved compound identification in complex MS spectra. RAMSY works on the principle that, under a given set of
experimental conditions, the abundance/intensity ratios between the mass fragments from the same metabolite are relatively
constant. Therefore, the quotients of average peak ratios and their standard deviations, generated using a small set of MS spectra
from the same ion chromatogram, efficiently allow the statistical recovery of the metabolite peaks and facilitate reliable
identification. RAMSY was applied to both gas chromatography/MS and liquid chromatography tandem MS (LC−MS/MS) data
to demonstrate its utility. The performance of RAMSY is typically better than the results from correlation methods. RAMSY
promises to improve unknown metabolite identification for MS users in metabolomics or other fields.

Mass spectrometry (MS) is an essential analytical tool in
complex mixture analysis and enables the detection and

quantitation of hundreds of metabolites in biological samples
from a single measurement. MS therefore plays a prominent
role in the growing metabolomics field.1−9 The combination of
MS with either gas chromatography (GC) or liquid
chromatography (LC) allows for identification of several
hundred metabolites through reliable matching of parameters
such as m/z, retention time, and/or fragmentation patterns
from one or more standard MS libraries. In GC/MS, the
commonly used electron ionization (EI) provides fairly
reproducible and characteristic mass fragments for each
metabolite. By matching these data with standard mass spectra
in databases, such as the National Institute of Standards and
Technology (NIST) database10,11 or the Agilent Fiehn GC/MS
metabolomics retention time locking (RTL) library,12 the
identity of observed spectra can be established. A match factor
(MF), which is a probability measure of accuracy, is often
calculated for each identified metabolite.13 The use of retention
time (RT) and retention index (RI) often provides improved

identification.12,14 Meanwhile, LC−MS detected metabolites
are typically identified based on exact mass, isotopic ratios, and/
or tandem mass spectrometry results.15−18 Commonly used
exact mass MS or tandem mass spectrometry (MS/MS)
databases include the human metabolome database
(HMDB)19,20 and the METLIN metabolite database.21−23

However, in many practical applications, the identification of
compounds using MS is still challenging. For example, in
metabolomics5,7,8,24−27 the identity of nearly 2/3 of the
metabolites detected by current MS methods remains
unknown. Moreover, the identity of a large fraction of the
metabolites with lower match factors continues to be
ambiguous and unreliable. While this situation is not surprising
given the high complexity of biological samples, improvements
that facilitate reliable identification are highly desirable.
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A significant challenge arises from the interfering peaks that
complicate the MS spectra and make identification difficult.
One possible approach is to use correlation methods to help
isolate peaks from the same metabolites.28 A number of such
methods have been used to analyze nuclear magnetic resonance
(NMR) spectroscopy spectra, especially STOCSY (statistical
total correlation spectroscopy).29−31 In such methods, peaks
from the same metabolites are identified based on correlations
between the peaks; however, due to the substantial number of
correlations often observed with other metabolites, it can be
difficult to distinguish the meaningful correlations among the
peaks from a metabolite. More recently, we proposed the
method of RANSY (ratio analysis of nuclear magnetic
resonance spectroscopy),32 to facilitate the isolation of peaks
from the same metabolite and thereby improve compound
identification using NMR spectroscopy. RANSY works on the
principle that the intensity ratios between the NMR peaks from
the same metabolite are fixed. Hence, across a set of samples,
the standard deviation of the ratios of peaks from the same
metabolite will be small (zero, in principle). On the other hand,
ratios of peaks from unrelated metabolites will typically have a
large standard deviation, except in those rare cases where the
metabolites of interest are highly correlated. We applied
RANSY to both one-dimensional (1D) and two-dimensional
(2D) NMR data and showed that its performance is generally
better than correlation for statistically isolating the peaks
associated with a particular metabolite across a set of spectra.
In the current study, we extend the concept of RANSY and

present the ratio analysis of mass spectrometry (RAMSY)
method, which facilitates improved compound identification
using MS. We apply RAMSY to GC/MS and LC tandem MS
(LC−MS/MS) data and demonstrate that RAMSY reduces
spectral interference and facilitates the identification of
individual molecules in overlapped MS spectra without the
need for additional experiments.

■ THEORY

The working principle of RAMSY is similar to that for
RANSY.32 RAMSY is also designed to work using single data
sets that contain multiple MS spectra for the same metabolite.
For peaks that originate from the same compound, under the
same experimental conditions, their MS peak intensity ratios
across the chromatographic peak should be relatively constant.
In addition, the standard deviations of those ratios should be
small. As shown schematically in Figure 1, during a typical
analysis of complex mixtures, the chromatographic elution of a
compound of interest (A, red, smaller chromatographic peak) is
often interfered by another compound (B, blue, larger
chromatographic peak). However, by choosing a driving peak
(marked with an *) from compound A, the ratios between all
the MS peaks from compound A and the driving peak will show
much less variation than ratios between the MS peaks from
compound B and the compound A driving peak. Thus, the
RAMSY calculation will reduce the interference of compound
B’s MS peaks from the spectra of compound A.
The procedure for calculating the RAMSY spectrum is largely

as described previously.32 Briefly, a driving peak is selected from
the mass spectra and then ratios between the driving peak and
all the other points (or peaks) in the spectra are calculated, as
shown in eq 1.
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Since a ratio’s standard deviation is used as the denominator,
a small standard deviation will produce a large reciprocal value,
generating a peak (in principle an MS peak from the same
compound as that for the driving peak). In general, the MS
peaks from interfering compounds will generate large standard
deviations and thus small RAMSY numbers, similar to noise
values. Notably, RAMSY values are dimensionless.

■ EXPERIMENTAL METHODS
Chemicals. Arginine, acetonitrile, methanol, pyridine, and

O-methylhydroxylamine hydrochloride were purchased from
Sigma-Aldrich (St. Louis, MO). Ammonium acetate was
purchased from Fisher Scientific (Hampton, NH). DI water
was provided in-house with a Synergy Ultrapure Water System
from Millipore (Billerica, MA). FAME (fatty acid methyl ester,

Figure 1. Schematic illustration of RAMSY. In this example, the
chromatographic elution of compound A (red, smaller chromato-
graphic peak) is interfered by compound B (blue, larger chromato-
graphic peak). For the MS spectra collected at different retention times
(1, 2, and 3), the driving peak (*) and other MS peaks from the same
compound (compound A) have ratios that are relatively constant, and
the ratios’ standard deviations across the spectra are typically small. In
contrast, the ratios for MS peaks from compound B and the driving
peak (*) from compound A vary and the resulting standard deviations
are relatively large. The calculated RAMSY spectrum will de-emphasize
peaks from compound B, reducing the interference and aiding
compound identification.
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chain lengths from C8−C30) mixture was purchased from
Supelco (Bellefonte, PA), and the Fiehn GC/MS Metabolo-
mics Standards Kit was obtained from Agilent Technologies
(Santa Clara, CA).
Biological Samples. Sprague−Dawley rat plasma samples

for GC/MS were collected in accordance with UW IACUC
approved protocols. Human serum samples for LC−MS/MS
experiments were obtained from Innovative Research, Inc.
(Novi, MI).
GC/MS. We followed the general procedures for the Agilent

Fiehn GC/MS Metabolomics RTL library,12,33 with minor
changes incorporated to improve detection sensitivity. Briefly,
proteins in rat plasma samples were first precipitated by the
addition of methanol in a ratio of 200 μL of methanol to 100
μL of sample. The mixture was vortexed and then stored at 4
°C for 30 min. While still cold, samples were centrifuged for 10
min at 13000 rpm. The supernatant was then transferred to a
clean 1.5 mL Eppendorf tube. Another 200 μL of methanol was
added to the protein pellet, mixed well, and centrifuged for 10
min at 13000 rpm. The resulting supernatant was combined
with the first, vortexed for 30 s, and then evaporated to dryness
using an Eppendorf Vacufuge (Eppendorf, Hauppauge, NY). A
solution of myristic acid-d27 (5 μL) from the Fiehn GC/MS
Metabolomics Standards Kit was added as an internal standard
for retention time locking. For the derivatization process, the
samples were first oximated by adding 10 μL of O-
methylhydroxylamine hydrochloride solution (in pyridine) at
30 °C for 90 min. The samples were then derivatized using 90
μL N-methyl-n-trimethylsilyltrifluoroacetamine with 1% chlor-
otrimethylsilane (MSTFA + 1% TMCS) at 37 °C for 30 min.
Subsequently, 2 μL of the FAME (fatty acid methyl ester)
mixture was added to each sample; the solution was gently
vortexed and transferred to a GC/MS glass vial for analysis.
GC/MS experiments were performed on an Agilent 7890A

GC-5975C MSD system (Agilent Technologies, Santa Clara,
CA) by injecting 1 μL of the prepared samples with a split ratio
of 10:1. Helium was used as the carrier gas with a constant flow
rate of 1.2 mL/min. The separation of metabolites was achieved
using an Agilent DB5-MS + 10 m Duraguard capillary column
(30 m × 250 μm × 0.25 μm). The column temperature was
maintained at 60 °C for 1.00 min and then increased at a rate of
10 °C/min to 325 °C and held at this temperature for 10 min.
Mass spectral signals were recorded after a 4.90 min solvent
delay.
LC−MS/MS. Frozen human serum samples were thawed,

and proteins were precipitated by mixing 100 μL of serum with
200 μL of cold methanol. The mixture was centrifuged at 13000
rpm for 10 min. The supernatant was transferred to a clean 1.5
mL Eppendorf tube and then dried under vacuum (Eppendorf
Vacufuge). The obtained residue was reconstituted in 250 μL
DI water prior to LC−MS/MS analysis.
LC−MS/MS experiments were performed using an Agilent

1200 SL LC system coupled online with an Agilent 6520 Q-
TOF mass spectrometer (Agilent Technologies, Santa Clara,
CA). Each prepared sample (8 μL) was injected onto an
Agilent Poroshell 120 EC-C18 column (2.1 × 50 mm, 2.7 μm),
which was heated to 50 °C. The flow rate was 0.5 mL/min.
Mobile phase A was 5 mM ammonium acetate in water, and
mobile phase B was 0.1% water in ACN. The mobile phase
composition was kept isocratic at 3% B for 1 min and was
increased to 90% B in 4 min; after another 4 min at 90% B, the
mobile phase composition was returned to 3% B. Electrospray
ionization (ESI) was used in positive mode, and the voltage was

3.5 kV. The collision energy for automatic LC−MS/MS
experiments was fixed at 10 V, targeting preselected
compounds (such as arginine at m/z 175.1195). The mass
accuracy of our LC−MS system is generally less than 5 ppm;
the Q-TOF MS spectrometer was calibrated prior to each batch
run, and a mass accuracy of less than 1 ppm was often achieved
using the standard tuning mixture (G1969−85000, Agilent
Technologies, Santa Clara, CA). Throughout the MS measure-
ments, reference masses of m/z 121.0509 and 922.0098 were
used to correct any mass errors. The absolute intensity
threshold for MS data collection was set to 100, and the
relative threshold was 0.001%. The absolute intensity threshold
for MS/MS measurements was 5, and the relative threshold was
0.01%. The acquisition rate was 1.5 spectra/s. This Q-TOF
system has good resolution for MS measurements; for example,
in a typical tuning, the resolution was 4787 and 7315 for the
ions at m/z 118.0863 and 322.0481, respectively. After data
acquisition, the whole data set obtained for each sample was
exported for analysis, without identifying any MS/chromato-
gram peaks.

Data Analysis. The data were analyzed using Matlab 7.0
(MathWorks, Natick, MA) installed on a personal computer.
The data were subjected to analysis using RAMSY as well as
correlation algorithms (see Supporting Information; free
download available at http://depts.washington.edu/nwmrc/
RAMSY). The RAMSY and correlation values were set to
zero if all the intensities at a specific m/z were zero across all
the spectra selected in the calculation.
In addition, we computed spectral match factors (MFs) using

the same algorithms as those reported for the NIST library.13

To compute a spectral match factor, we first obtained the
“angle” between the two spectra:
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F2 is based on relative intensities of pairs of adjacent peaks
present in both spectra. NU&S is the number of peaks common
to the unknown and standard spectra, and n = 1 (−1) if the first
abundance ratio is less (larger) than the second. The match
factor is then calculated as follows:
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where “1000” is the scaling parameter. A perfect match results
in an MF value of 1000; spectra with no peaks in common
result in a value of 0.

■ RESULTS AND DISCUSSION
The RAMSY approach was applied to both GC/MS and LC−
MS/MS data. To demonstrate the performance of the method,
we focused on ion chromatograms that provided overlapping
mass spectra due to coeluting metabolites. The GC/MS spectra
for methyl caprylate and LC−MS/MS spectra for arginine were
thus selected as examples for the analysis. Notably, RAMSY is a
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versatile method and can be applied for compound
identification using other analytical platforms.
GC/MS. For GC/MS data, we chose a relatively simple

example of a compound of interest that is overlapped with
other peaks from the biological sample. In this example, the
compound is methyl caprylate, a C8 fatty-acid methyl ester
commonly used as one of the 12 retention index (RI) markers,
which makes it important to identify correctly.12 As shown in
Figure 2, methyl caprylate appears in the total ion chromato-
gram (TIC) of the FAME mixture at 7.8 min (see Figure 2a
and inset) but is heavily overlapped by interfering com-
pound(s) in the rat plasma sample spiked with the FAME
mixture (Figure 2b and inset). The extraction of the mass
spectrum of methyl caprylate from the TIC of Figure 2a (the
local chromatographic peak maximum at 7.80 min) provides a
clean mass spectrum (Figure 2c). Figure 2d shows the EI-MS
spectrum of the interfering compound(s) at 7.86 min. In a
comparison of Figure 2, panels c and d, it is observed that the
peak at m/z 74 (the base peak in Figure 2c) is locally more
unique to methyl caprylate (chosen as the driving peak in
RAMSY), while the interference is mainly caused by the MS
peaks at m/z 73 and 147 (Figure 2d).
We first used the NIST library to provide MFs for the

extracted ion chromatograms. For methyl caprylate in the
spectrum of the FAME mixture (Figure 2c), the NIST library
provided an MF of 904, which is considered an excellent match
(this spectrum was selected as the standard spectrum in the
following MF calculations). However, in analyzing the rat
plasma sample, the best MF for the same compound obtained
after scanning all the mass spectra in the TIC peak in the range

of 7.75−7.90 min was 774 (7.81 min; Figure S1 of the
Supporting Information); such a value (which lies between 700
and 800) is considered to be a fair match, according to NIST.11

The MF for the average spectrum (Figure S2 of the Supporting
Information) calculated from 25 mass spectra over the same
time points range was only 195 (vida infra).
To identify methyl caprylate using the RAMSY approach, we

again selected 25 mass spectra from the TIC in the range 7.75−
7.90 min (Figure 2b). The RAMSY spectrum calculation was
performed using the peak at 74 m/z as the driving peak (locally
unique to methyl caprylate). Figure 3a shows the RAMSY
spectrum in the range of m/z 50−400, and Figure 3b shows the
8 MS peaks with top RAMSY values (including the driving
peak; the number of selected peaks is explained below). Figure
3c shows the averaged EI-MS spectrum (Figure S2 of the
Supporting Information) after filtering with the RAMSY values
(only those MS peaks with top RAMSY values were shown). It
can be seen from the comparison of the spectra shown in
Figure 2c and Figure 3b that RAMSY correctly identified many
of the methyl caprylate peaks, including those at m/z 53 (small
peak), 55, 59, 87, 101, and 115. However, RAMSY missed a
fragment peak at m/z 127 and a weak molecular ion peak at m/
z 158. RAMSY also picked up the wrong peak at m/z 58 (not
marked in Figure 3b), since there was no peak observed there
in Figure 2c. It may be interesting to note that despite the unit
resolution of GC/MS, RAMSY was able to eliminate unrelated
peaks quite specifically. The strong overlapping peak at m/z 73
(Figure 2d and Figure S2 of the Supporting Information) did
not appear in the RAMSY spectrum (Figure 3b) when using
the nearby driving peak at m/z 74, although the MS peak at m/

Figure 2. (a) TIC of the FAME mixture; the inset shows a well-resolved peak for methyl caprylate at 7.80 min. (b) TIC of the GC/MS data from a
rat plasma sample spiked with the FAME standards; the inset shows the expanded TIC between 7.75 and 7.90 min, and no chromatographic peak
can be resolved for methyl caprylate. (c) The EI-MS spectrum at the chromatographic peak maximum (7.80 min, Figure 2a). (d) EI-MS spectrum of
the interfering compound(s) at 7.86 min (local maximum, Figure 2b), dominated by the peaks at m/z 73 and 147.
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z 73 could generate the isotopic peak at m /z 74. Since RAMSY
is based on ratio analysis, it is relatively independent of the
peaks’ original intensities. As shown in Figure 2d and Figure S2
of the Supporting Information, the peak at m/z 147 is the base
peak; however, its RAMSY value was not one of the top eight
(Figure 3b).

We then compared the performance of RAMSY with a
correlation calculation. Figure 3d shows the correlation
spectrum in the range m/z 50−400, based on the same 25
mass spectra from the TIC in the range 7.75−7.90 min (Figure
2b). For a fair comparison, eight peaks were also identified to
have high correlation values with the peak at m/z 74 (Figure
3e) which had been used as the driving peak for RAMSY. The

Figure 3. (a) RAMSY spectrum in the range of m/z 50−400, based on the 25 mass spectra from the TIC in the range of 7.75−7.90 min (Figure 2b);
the driving peak at m/z 74 for methyl caprylate identification is indicated by the asterisk. (b) Eight peaks with top RAMSY values. (c) Averaged
spectrum (Figure S2 of the Supporting Information) after filtering with the selected RAMSY values in Figure 3b. The RAMSY method indicated
many correct fragment ions in the averaged EI-MS spectrum. (d) Correlation spectrum in the range of m/z 50−400, based on the 25 mass spectra
from the TIC in the range of 7.75−7.90 min (Figure 2b); the driving peak at m/z 74 for methyl caprylate identification is indicated by the asterisk.
(e) Eight MS peaks having top correlation values with the peak at m/z 74 (indicated by the asterisk) using the same data as that for Figure 3b. (f)
Averaged spectrum (Figure S2 of the Supporting Information) after filtering with the selected correlation values in Figure 3e.
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correlation approach correctly identified a number of fragment
ions of methyl caprylate such as those at m/z 115, 101, 59, 55,
57, and 53. However, it missed the peak at m/z 87, which is the
second highest fragment ion peak for methyl caprylate (Figure
2c). Similar to RAMSY, the correlation approach incorrectly
selected the peak at m/z 58.
MFs were also calculated based on the average GC/MS

spectra generated using the peaks identified by correlation and
peaks identified by RAMSY, separately (Table 1). The MF

calculated using the averaged MS spectrum (eight highest peaks
selected to match the number of peaks used in the calculation)
against the standard spectrum of methyl caprylate was 195,
which represents a very poor match according to the NIST
criteria.11 The MF determined based on eight MS peaks (the
driving peak at m/z 74 and seven identified peaks) from the
correlation method was 688. The MF calculated using the eight
MS peaks (the driving peak at m/z 74 and seven identified
peaks) selected by RAMSY was 752, which lies between 700
and 800 and is considered to be a fair match. The MF of
RAMSY is comparable to the best MF value (774) that could
be obtained in this RT region (7.75−7.90 min) by comparing
individual spectra. Both the average spectrum and correlation
provided a poorer MF.
Figure 4 shows the MF values of RAMSY and correlation

with different numbers of selected peaks in the calculation. The
MS peaks with top RAMSY/correlation values were selected
from the averaged spectrum (Figure S2 of the Supporting
Information) and used in the MF calculation. It is clearly seen

that MF values of the RAMSY/correlation are relatively stable
when the number of selected MS peaks is between 5 and 10. In
general, RAMSY generates a higher MF than correlation; even
in a few cases when the correlation generates a higher MF value
than RAMSY (e.g., when the number of selected peaks = 13),
the MF values are close. Therefore, the selection of 8 peaks in
the analysis above represents a typical example.

LC−MS/MS. RAMSY was also applied to simplify LC−MS/
MS spectra for improving compound identification. Using
human serum samples, we targeted the TIC region for arginine,
a metabolite which had MS/MS spectra containing interfering
peaks from other metabolites. A typical MS/MS spectrum at
the TIC peak maximum at 0.65 min obtained by targeting
arginine at m/z 175.1195 is shown in Figure 5a. On the basis of

the qualitative comparison with the standard spectrum for
arginine from the Metlin database,22 a number of interfering
peaks, including the strong peaks at m/z 59 and 118, can be
seen in the MS/MS spectrum (Figure 5a). Figure 5b shows the
MS/MS spectrum for the standard sample of arginine, and it is
very similar to the Metlin standard spectrum of arginine and
further confirmed the interference peaks in Figure 5a.
For the RAMSY and correlation analysis, eight LC−MS/MS

spectra were selected from the TIC region between 0.55 and
0.85 min. Figure 6a shows the average of these spectra. RAMSY
and correlation spectra were calculated using the protonated
molecular ion peak of ariginine at m/z 175.1195 as the driving

Table 1. Match Factor Value Comparisons for Examining the
Performance of RAMSY and Correlation for Compound
Identification Using the GC/MS and LC−MS/MS Dataa

GC/MS LC−MS/MS

molecule methyl caprylate arginine
averaged spectrum 195 644
correlation 688 117
RAMSY 752 780

aDetailed parameters for these calculations are given in the text.

Figure 4. The MF values of RAMSY and correlation with different
numbers of selected peaks in the calculation (GC/MS data). The MS
peaks with top RAMSY/correlation values were selected from the
averaged spectrum (Figure S2 of the Supporting Information) and
used in the MF calculation.

Figure 5. (a) LC−MS/MS spectrum at the peak maximum of the TIC
for a human serum sample, targeting arginine at m/z 175.1195. The
inset shows the TIC of the LC−MS/MS data. The signals at m/z 59
and 118 are major interfering peaks. (b) Standard LC−MS/MS
spectrum of arginine.
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peak. Figure 6 (panels b and c) show the RAMSY and
correlation spectra, respectively, based on the eight LC−MS/
MS spectra of arginine collected from human serum samples.
Although not perfect, it is observed that many peaks in the
RAMSY spectrum (Figure 6b) have a better “signal-to-noise
ratio,” while the correlation spectrum (Figure 6c) looks more
“noisy.” The RAMSY spectrum shows eight peaks above a
threshold value of 1.4 (Figure 6b and Figure S3a of the
Supporting Information). These eight peaks were selected,
since the main purpose of this example is to examine the
relationship between arginine and the major peaks in the MS/
MS spectra. As seen in Figure 5b and 6b and Figure S3a of the
Supporting Information, RAMSY identified almost all the major
MS/MS peaks from arginine and greatly de-emphasized the
interfering peaks at m/z 59 and 118 (the second highest peak in

Figure 6a). Using the same MS/MS spectra, we made
correlation calculations for comparison. As seen in Figure 6c
and Figure S3b of the Supporting Information, the correlation
analysis identified eight peaks with correlation values above
0.65 (the same number of peaks were selected for a fair
comparison between RAMSY and the correlation). Three of
the peaks at m/z 70, 116, and 158 were in agreement with the
peaks from the standard compound (arginine, Figure 5b) and
those identified by RAMSY (Figure 6b and Figure S3a of the
Supporting Information). However, a number of peaks,
including those at m/z 84, 87, and 118 were not related to
the arginine spectrum.
MF calculations were made in a similar manner to those for

the GC/MS spectra, and the results are included in Table 1.
The MF obtained from the averaged LC−MS/MS spectrum
(with a threshold of 90 to match the number of peaks used in
the calculation) was 644. The MF calculated for the RAMSY
spectrum (with a threshold of 1.4) provided a value of 780,
while the MF calculated using the correlation-derived spectrum
(with a threshold of 0.65) provided an MF value of 117. In this
case, RAMSY also provides a more accurate representation for
the identity of the metabolite, arginine. Finally, Figure 7 shows

the MF values for RAMSY and correlation with different
numbers of selected peaks from the averaged LC−MS/MS
spectrum of arginine (Figure 6a). It is clearly seen that RAMSY
generates higher MFs than correlation, for as many as 45 peaks
selected according to the top RAMSY/correlation values.
Given these results, we believe that ratio analysis spectros-

copy is a potentially powerful approach to simplify crowded
mass spectra for the reliable identification of metabolites within
complex mixtures. The RAMSY approach is demonstrated
using specific examples for both GC/MS and LC−MS/MS
data. RAMSY works when the GC/LC elution of compounds
of interest and the interfering compounds are not exactly the
same; however, even when the chromatographic peaks are the
same, RAMSY is still applicable if the MS intensity ratios of the
compounds are changing (e.g., the slopes of the calibration

Figure 6. (a) Averaged LC−MS/MS spectrum of the eight spectra
from human serum samples selected from the TIC region at 0.55−0.85
min that contains MS/MS spectra for arginine. (b) RAMSY spectrum
based on the eight LC−MS/MS spectra of arginine collected from
human serum samples. (c) Correlation spectrum based on the eight
LC−MS/MS spectra of arginine.

Figure 7. The MF values of RAMSY and correlation with different
numbers of selected peaks in the calculation (LC−MS/MS data). The
MS peaks with top RAMSY/correlation values were selected from the
averaged spectrum (Figure 6a) and used in the MF calculation. On
average, each peak has 22 data points in our high-resolution LC-Q-
TOF experiments.
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curves are different). On the basis of our experience, generally
more than five spectra and 5−10 MS peaks with top RAMSY
values should be utilized. An advantage of using the RAMSY
approach is that it is resistant to low peak intensities since the
peak identification is based on the ratios. Further, since the
RAMSY calculations are primarily based on the ratios of the
peak intensities, this approach is anticipated to be less sensitive
to altered chromatography conditions. A major requirement for
RAMSY is that at least one isolated peak in the mass spectrum
is needed to serve as the driving peak, since RAMSY cannot
quantitatively differentiate the contribution from coincident
interference peaks (i.e., the peak contains contributions from
both the compound of interest and the interfering compound).
However, it should be possible under most circumstances to
find at least one relatively unique peak in the spectra for a given
compound of interest. We anticipate that incorporation of the
RAMSY approach as a digital filter to metabolite identification
algorithms already available will benefit reliable compound
identification in the mass spectra of complex biological
mixtures.

■ CONCLUSIONS
Reliable compound identification from the analysis of mass
spectra is a considerable challenge. In this work, efforts focused
on alleviating this problem showed improved statistical
isolation of peaks from the same metabolite in a complex
mass spectra using a new approach, RAMSY, which has promise
for enhanced metabolite identification. RAMSY identifies mass
spectral peaks or fragment ions based on their fixed ratios for a
given metabolite under the same experimental conditions.
Using specific examples, we have demonstrated RAMSY using
both GC/MS and LC−MS/MS data. While RAMSY cannot
provide a perfect solution, it fairs quite well in terms of peak
identification and match factors relative to current correlation
or averaging methods. An advantage of RAMSY is that it uses
multiple mass spectra from the same chromatograms and does
not need additional experiments. Specifically, in combination
with advanced methods/software tools, RAMSY shows promise
for reliable metabolite identification and reducing the large list
of unidentified metabolites in the mass spectra of complex
biological samples. We anticipate that the RAMSY algorithm
can be incorporated into current analysis software, and that its
applications can be made quite broad, including, but not limited
to heterospectroscopic applications.
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