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ABSTRACT: Data independent acquisition-mass spectrometry (DIA-MS) coupled
with liquid chromatography is a promising approach for rapid, automatic sampling of
MS/MS data in untargeted metabolomics. However, wide isolation windows in DIA-
MS generate MS/MS spectra containing a mixed population of fragment ions
together with their precursor ions. This precursor-fragment ion map in a
comprehensive MS/MS spectral library is crucial for relative quantification of
fragment ions uniquely representative of each precursor ion. However, existing
reference libraries are not sufficient for this purpose since the fragmentation patterns
of small molecules can vary in different instrument setups. Here we developed a
bioinformatics workflow called MetaboDIA to build customized MS/MS spectral
libraries using a user’s own data dependent acquisition (DDA) data and to perform
MS/MS-based quantification with DIA data, thus complementing conventional MS1-
based quantification. MetaboDIA also allows users to build a spectral library directly
from DIA data in studies of a large sample size. Using a marine algae data set, we
show that quantification of fragment ions extracted with a customized MS/MS library can provide as reliable quantitative data as
the direct quantification of precursor ions based on MS1 data. To test its applicability in complex samples, we applied
MetaboDIA to a clinical serum metabolomics data set, where we built a DDA-based spectral library containing consensus spectra
for 1829 compounds. We performed fragment ion quantification using DIA data using this library, yielding sensitive differential
expression analysis.

Advances in mass spectrometry (MS) instrumentation and
the separation of biomolecules using liquid chromatog-

raphy have led to the improvement of detection and
quantification of metabolites in complex biological samples.
These advances have rapidly expanded the field of metab-
olomics1−3 and broadened its application into translational
medicine.4−6 However, it remains extremely challenging to
build a reliable data processing pipeline for MS-based
metabolomics analysis in complex samples for various reasons.
The major challenge is that metabolites cannot be compre-
hensively and precisely identified using tandem mass

spectrometry (MS/MS): fragmentation spectra generally
contain a small number of uniquely representative fragment
ion peaks in metabolites, and some peaks do not appear in all
instrument setups depending on the instrument’s parameters
such as collision energy and ionization mode. More
importantly, the exact fragmentation mechanism is poorly
understood for most small molecules, especially when
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compounds are extracted from complex biological matrices.
This variability has precluded the option for automated MS/
MS-based identification via database search, which is often
employed in proteomics applications7 where theoretical spectra
can be constructed for all proteins (peptides) from in silico
translation of fully sequenced genomes.
In the absence of systematic sampling of MS/MS, assignment

of compound identity relies on monoisotopic mass search of
MS1 precursor ion peaks (or peak features) against a reference
library such as PubChem,8 HMDB,9 and METLIN10 with
desired mass accuracy criteria, or isotope-based inference in an
open search space11,12 (Figure 1a). However, if we consider all
forms of different adduct ions for each compound as they exist
in complex biological matrices, even a narrow mass tolerance
window (e.g., 5−10 ppm) around a target mass value include
multiple candidate compounds of slightly different masses. This
ambiguity cannot be resolved by searching MS1 data alone. To
make matters worse, precursor peaks, whose relative abundance
is valuable for determining the compound’s molecular formula,
tend to have no detectable isotope peaks in very small
molecules (e.g., < 200 amu), in which case charge state
deconvolution is impossible and therefore single charge state is
assumed in practice.
As a remedy to address the uncertainty, putative compound

identities can be validated by posthoc MS/MS analysis for

selected precursor ions where experimentally acquired MS/MS
spectra are queried against well-known reference MS/MS
libraries such as the NIST/EPA/NIH 2014 library (NIST 14
library hereafter), MassBank,13 and LipidMaps.14 However, the
possibility of uniquely determining a compound’s identity in
this workflow is also dependent on the assumption that the
existing MS/MS libraries have records corresponding to a
specific compound and that these library records include
fragmentation patterns specific to the different instruments
from which these patterns were derived.
Despite these limitations, recent advances in modern MS

instrumentation such as data independent acquisition mode of
mass spectrometry (DIA-MS)15 have made it more appealing
to explore the systematic, unbiased sampling of MS/MS
fragmentation spectra for small molecules, ultimately bridging
the gap between untargeted and targeted based approaches.16

In conventional MS analysis, termed data dependent
acquisition (DDA) MS, MS/MS fragmentation is triggered
for the most abundant precursor ions in the MS1 scan and
fragment ion spectra are produced for a selected subset of
abundant compounds. This data sampling scheme has an
inherent bias toward more abundant ion species while
bypassing selection and identification of less abundant ions,
leading to a less comprehensive snapshot of the sample under
study. By contrast, DIA-MS cofragments precursor ions isolated

Figure 1. The traditional workflow versus MetaboDIA workflow in data processing for DDA and DIA-MS data. (a) The conventional pipeline in
untargeted metabolomics analysis using DDA-MS. (b) The two MetaboDIA workflows for data dependent acquisition (DDA) or data independent
acquisition (DIA) experiments. In the default pipeline, a consensus MS/MS spectral library is built using DDA data (left) and quantification of MS/
MS fragments is performed using DIA data. Alternatively, the library can be directly constructed from the DIA data (right). (c) The consensus library
building step relies on RT-based alignment of MS1 signals across samples. Signals sharing the same m/z value and precursor charge state can be
separated into different compound identification units (CIU) by a sufficiently long gap in retention time (RT). (d) For the CIUs with MS/MS
spectra, fragment peaks are collected from the DDA data (or DIA data in the alternative pipeline) and the peaks present in a user defined minimal
number of collected spectra (e.g., 50%) were admitted into the spectral library.
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in the same small isolation window, where all detected
precursor ions have a more equal chance to undergo MS/MS
fragmentation, thus leading to a more comprehensive overview
of the sample. More importantly, this mode of scans fully
captures the quantifiable ion chromatograms of fragment ions,
making it possible to perform relative quantification using the
fragment ions. However, relatively wide isolation windows (e.g.,
10−25 Da) generate composite MS/MS spectra from coeluting
precursor ions, hence the extracted ion chromatogram (XIC) of
each fragment ion eventually needs to be mapped to its parent
compound, in a process that is not trivial.
The most reliable way to map the codetected fragment ions

to their parent precursor ions (fragment-precursor mapping) is
to borrow fragmentation patterns from reference MS/MS
libraries built based on authentic standards. However, MS/MS
data in a particular experiment do not always match
fragmentation patterns in the existing reference MS/MS
libraries, and these libraries may not contain records for a
variety of complex molecules such as intermediate products
derived from primary metabolites. Therefore, validation
through the database search using existing tools often produces
a limited number of compound identifications. More
importantly, the variability in the appearance and relative
abundance of detected fragment ions across multiple samples
had precluded the use of XICs as a source of (relative)
quantification for metabolites.
To the best of our knowledge, MS-DIAL and MetDIA are

the only tools that can systematically process the DIA MS/MS
data in metabolomics12,17 for matching to reference spectra in a
MS/MS spectral library. MS-DIAL performs compound
identification using MS1 and MS/MS data and quantifies the
compound by area integration of MS1 precursor XICs.
However, the software requires an existing MS/MS spectral
library for the MS/MS-based identification. More importantly,
it does not perform relative quantification of fragment ions,
which is a key advantage of DIA data for downstream
differential analysis. Meanwhile, MetDIA performs a more
informed extraction of MS1 precursor and MS/MS fragment
ion XICs and extract both these MS1 and MS/MS XIC peak
shapes. Although this approach removes a great deal of
uncertainty attributable to the broken link between precursors
and fragment ions, it also requires a prebuilt MS/MS spectral
library and a large amount of data not verified with the library
ends up being discarded, reducing the completeness of the
sample’s compound identities.
Here we report an alternative bioinformatics workflow called

MetaboDIA to construct a customized MS1- and MS/MS-
based spectral library, valuable for large-sample experimental,
clinical metabolomics experiments. Using MetaboDIA, we aim
to enable each independent laboratory to build site specific
and/or experiment specific MS1 and MS/MS libraries while
being able to benchmark their results using a standardized
scoring metric. In contrast to the existing approaches, our goal
is to allow users to prospectively accumulate MS1 and MS/MS
peak data from past experiments as a growing knowledge base
for the laboratory, instead of discarding potentially useful and
valuable data simply because the identities could not be made
using the generalized libraries commonly in use today. In
addition, we set out to test the possibility of using peak area or
intensity (apex height) values for the fragment ions in the DIA
data as a complementary method for quantification of
metabolites in highly complex samples (e.g., clinical serum
samples). Providing a more comprehensive, accurate quantifi-

cation of metabolites based on fragment ions can also be highly
useful for more sensitive downstream differential analysis of
metabolites as illustrated in the field of proteomics.19,20

To demonstrate MetaboDIA’s utility, we first evaluated the
quality of MS/MS-based relative quantification in triplicate
DIA-MS experiments of marine algae species and compared
these results to MS-DIAL’s MS1-based quantification strategy.
We next analyzed human serum samples from age-related
macular degeneration patients versus healthy controls from an
age dependent macular degeneration study and performed
sensitive differential expression analysis for >1 100 compounds.
Through these examples, we show that MetaboDIA provides an
efficient interface to build customized spectral libraries and
maximally utilize MS/MS data as a complementary method for
relative quantification of metabolites.

■ EXPERIMENTAL SECTION
Samples and Reagent Preparation for the AMD Data.

Serum samples were collected from 60 subjects attending the
vitreo-retina clinic at the Singapore National Eye Centre. Age
and gender-matched control samples were selected from
banked samples collected from participants of the Singapore
Chinese Cohort Study21 (see Table 1 below). Detailed sample

selection criteria can be found in the Supporting Information.
The study was approved by the SingHealth Institutional Review
Board and conducted in accordance with the Declaration of
Helsinki. Written informed consent was obtained from all
participants.

LC−MS/MS Analysis. Analysis was performed on an
Eskigent UPLC system (AB Sciex, Concord, Canada) coupled
to a hybrid Q-TOF mass spectrometer (TripleTOF 5600+, AB
Sciex). Each sample was reconstituted in 60 μL of 95/5 water−
methanol and 10 μL was injected for each analysis in the
positive and negative ionization mode, with both Information
Dependent Acquisition (IDA) and Sequential Windowed
Acquisition of All Theoretical Fragment Ion Mass Spectra
(SWATH-MS). Samples were injected in a randomized order
and a QC sample was injected after every 10 samples.

Reverse-Phase (RP) Liquid Chromatography and Positive
Ionization Mode. The column used for analysis in the positive
ionization mode was a Waters T3 C18 2.1 mm × 100 mm, 3
μm analytical column (Waters Corp., Milford, MA). The
mobile phase was 0.1% formic acid in water (eluent A) and
0.1% formic acid in acetonitrile (eluent B). The gradient profile
was 2% B from 0 to 1.5 min, 20% B at 7.5 min, 50% B at 12
min, 95% B from 16 to 18 min, and 2% B at 19 to 25 min. The
column oven temperature was 40 °C. The source voltages were
5.5 kV.

Reverse-Phase (RP) Liquid Chromatography and Negative
Ionization Mode. The column used for analysis in the negative
ionization mode was a Waters XBridge BEH C18 2.1 mm ×
100 mm, 3.5 μm analytical column (Waters Corp.) The mobile
phase was 5 mM ammonium bicarbonate in water (eluent A)
and 5 mM ammonium bicarbonate in 95:5 acetonitrile/water
(eluent B). The gradient profile was 2% B from 0 to 2 min, 50%

Table 1. Subject Information for the AMD Data Set

groups age (mean ± SD) gender

control (n = 20) 73.2 ± 5.2 10 male, 10 female
CNV (n = 20) 74.2 ± 4.6 10 male, 10 female
PCV (n = 20) 73.0 ± 3.9 10 male, 10 female
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B at 11 min, 100% B from 16 to 18 min, and 2% B at 19 to 25
min. The column oven temperature was 45 °C. The flow rate
was 0.35 mL/min for both chromatographic methods. The
source voltages were 4.5 kV.
DDA Acquisition. Each IDA duty cycle contained one TOF

MS survey scan (180 ms) followed by 20 MS/MS scans (40 ms
each). The mass range of TOF MS and MS/MS scans were 100
to 1000 and 30 to 1000 m/z, respectively. The following IDA
parameters were applied: dynamic background subtraction,
charge monitoring to exclude multiply charged ions and
isotopes, and dynamic exclusion of former target ions for 3 s.
Ramped collision energies of 20 to 40 V and −20 to −40 V
were applied for the positive and negative MS/MS scans,
respectively.
DIA Acquisition. Each SWATH duty cycle contained one

TOF MS survey scan (150 ms) followed by 36 SWATH scans
(20 ms each). The fragment ion window for SWATH was from
100 to 1000 m/z in steps of ∼25 Da. The mass range of TOF
MS and SWATH scans were 100 to 1000 and 30 to 1000 m/z,
respectively. Ramped collision energies of 20 to 40 V and −20
to −40 V were applied for the positive and negative MS/MS
SWATH scans, respectively.

■ RESULTS AND DISCUSSION
Overview of MetaboDIA. Figure 1b shows the overall

workflow of MetaboDIA. The details of all data processing
steps can be found in the Supporting Information. The
workflow starts with ion chromatogram extraction of precursor
and fragment ions using widely accepted algorithms such as
XCMS/CAMERA22 and DIA-Umpire.23 Once MS1 and MS/
MS data are prepared for analysis, the first step performs
putative molecular formula identification by querying mono-
isotopic mass of each MS1 peak cluster against known
databases of molecular formulas and their exact mass values.
Here we assign all possible molecular formulas whose
monoisotopic mass lies within a user-specified mass tolerance
around each precursor ion peak in each individual sample while
considering various adduct ions of concurrent charge state (see
Supporting Information). We next perform retention time
(RT) alignment of each peak feature across the samples. Each
RT-aligned consensus MS1 peak feature becomes the base unit
of the spectral library, which we call compound identification
unit (CIU) here after. CIUs are characterized by average
precursor m/z value of its monoisotopic peak and RT range
(Figure 1c).
Monoisotopic mass search typically reports more than one

formula, and thus we keep track of the number of appearance in
samples for each formula and use the most frequently occurring
formula across the samples as the representative molecular
formula for each CIU. In other words, one CIU is a template
for a unique compound, but it is often annotated by multiple
molecular formulas at this stage and a precise compound name
can be assigned only if an authentic standard is used to confirm
the formula assignment.
The novelty of MetaboDIA is how each CIU is associated

with a consensus MS/MS spectrum. In this step, we first
impose a consistency criterion of precursor-fragment pairing
across the samples and further apply a cross-sample
reproducibility filter to each fragment ion. Hence we ensure
that the resulting consensus spectrum is derived from MS/MS
spectra that have been replicated across individual samples
prior to addition to the library (Figure 1d). This filter
guarantees that the final peak area/height data are extracted

for the most reproducibly occurring fragment ions for the
compound designated to each CIU.
Regardless of the strict filtering process, however, it is still

possible that a single CIU may represent multiple isobaric
compounds. Therefore, these entries eventually need to be
verified by a validation experiment using authentic standards or
by use of an existing library (e.g., NIST 14 library) generated
from pure standards. To address this, MetaboDIA also provides
a highly specific scoring metric, a modified form of the
normalized dot product, to benchmark each MS/MS spectrum
against these MS/MS libraries (see spectral similarity score in
the Supporting Information). In our experience, a score of 0.5
or higher tends to give a high confidence match in the query,
and thus the compounds scoring ≥0.5 are considered “validated
by a reference spectrum” in our workflow.
Supplementary Figure 1 shows an example CIU representing

L-arginine (C6H14N4O2, monoisotopic mass 174.111676)
with nearly perfect replication of a MS/MS spectrum in
MassBank, demonstrating the full information on CIUs in the
customized spectral assay library. Note that this CIU had two
other competing molecular formulas (C9H18OS and
C11H14N2, monoisotopic mass 174.107836 and 174.115698,
respectively) that were virtually indistinguishable by mono-
isotopic mass of precursor signals alone (30 ppm window).

Analysis of Marine Algae Data Set. We first evaluated
the MetaboDIA workflow using a marine algae data set
provided by the authors of the MS-DIAL paper.12 In the
original paper, the authors reported identification of >1 000
lipids by MS-DIAL with the LipidBlast library in 10 different
species using SWATH-MS with 21 Da isolation windows (not
including the data produced from the runs with 65 Da isolation
window). We analyzed the data from both positive and negative
ion mode using MS-DIAL in lipidomics mode with the
suggested options. In parallel, we also analyzed the same data
with MetaboDIA, which built a customized spectral assay
library from the DDA data in each species and quality control
(QC) runs.
The MS-DIAL reported a spreadsheet with thousands of

rows, but a large fraction of reported compounds were
identified based on the scoring of MS1-level data, not MS/
MS. In our MS-DIAL analysis of the positive and negative ion
mode data, for instance, 2 779 compounds were reported in at
least 3 SWATH-MS runs (treating each technical replicate as
one run). However, only 673 of them (24.2%) had matching
MS/MS spectra from their reference library, presumably the
LipidBlast library. Moreover, when we scrolled through the
MS/MS spectra, hundreds of experimental spectra showed
poor match quality to the reference library spectra. Upon
observing this, we decided to compare the two pipelines in
terms of quality of quantification only for the reported
compounds with MS/MS evidence as there are many
confounding variables for directly comparing the identified
compounds between the two methods.

DDA-Based Library Spectra Do Not Emulate Fragmenta-
tion Patterns in Reference Libraries. After narrowing down the
compounds for comparative evaluation, we acquired 673 and
1041 compounds with MS/MS matching in MS-DIAL and
MetaboDIA, respectively. Note that MS-DIAL uses MS1-based
quantification and does not quantify fragment ions. Meanwhile,
the putative formula assignment and MS/MS library-building
process in MetaboDIA is based on strict mass tolerance cutoffs
(±30 ppm for MS1, ±40 ppm for MS/MS). By contrast, the
proposed data extraction parameters in MS-DIAL are as wide as
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0.025 and 0.25 Da for MS1 and MS/MS data, respectively (see
the Supporting Information of Tsugawa et al.12). In
MetaboDIA, we built the customized library from the DDA
data for all 10 species, requiring that each fragment ion peak
appear in at least 3 of the 43 DDA-MS runs. The seemingly low
reproducibility filter was necessary in this particular data set
since many lipids were uniquely identified in a single or a few
species, consistent with the finding in the original paper, and
each species was analyzed in 3 technical replicates only.
The resulting spectral library contained 751 and 290 CIUs

with MS/MS spectra in positive mode and negative mode data,
respectively. We emphasize that these libraries are built from
DDA-MS data, hence there is little ambiguity in precursor-
fragment mapping. However, only a modest proportion of
CIUs could be validated using the LipidBlast library, even after
the addition of two libraries (NIST 14, MassBank). In total,
446 and 181 CIUs (59.4.8% and 62.4%) had completely no
shared peaks with any spectra in the combined reference
library. This implies that, had we not deliberately built a
customized library, a large proportion of MS/MS data would
have been discarded in the pipelines relying on reference
libraries. In summary, the observed variability of MS/MS
spectra between experimental data and the reference library
suggests that a customized consensus library built from the users’
own data is essential to prevent loss of MS/MS data for both
identification and quantification purposes.

Fragment Ion Data Offers Repeated Measures of
Abundance with Comparable Coefficient of Variation to
MS1 Measurements. Using the customized DDA-based library,
we quantified fragment ions across 43 SWATH-MS runs
including technical replicates of 10 algae species and 10 quality
control replicates. Using the compounds with MS/MS
evidence, we next compared the quality of quantification for
MS1 precursor ion data from MS-DIAL and MetaboDIA, and
MS/MS fragment ion data from the latter. Figure 2a shows the
coefficient of variation (CV) across technical replicates in MS1
peak area data (log 2 scale) for 673 compounds in MS-DIAL
(with MS/MS evidence), DDA-MS1 intensity data for 1041
compounds from MetaboDIA (with MS/MS evidence), and
DIA-MS/MS intensity data for 708 compounds from
MetaboDIA. Comparing the three results, the CV values were
larger for the MS/MS intensity data than the other two MS1-
based quantification methods. However, most percent CV
values were below 20% in all three methods. The compounds
with >10% CV in the MS/MS data tended to be the ones with
low DDA-MS1 intensity values as expected, for which the
standard deviation of the CV formula is often estimated
coarsely when the sample size is small (e.g., 3 data points).
We note that the CV values in the MS/MS intensity data are

median CV values of all fragments in each compound, and thus
the plots indicate that not all extracted MS/MS intensities are
suitable for quantification. Therefore, careful selection of
fragments for final quantification is needed for robust

Figure 2. Evaluation of the quality of quantitative data extracted by MS-DIAL and MetaboDIA, with comparison between MS1 and MS/MS-based
quantification using DDA-based and DIA-based libraries in the marine algae data set. (a) Coefficient of variation in 10 algae species and quality
control samples in the marine algae data set. In each sample set, the CV distributions are shown for MS1 peak area data from MS-DIAL, MS1
intensity data from MetaboDIA, and MS/MS intensity data from MetaboDIA (DDA-based library). (b) The Venn diagram of shared and unique
CIUs in the DDA-based and DIA-based libraries built by MetaboDIA. The spectral similarity score distribution suggests that more than half of MS/
MS spectra score above 0.5 indicating a high-quality match. (c) Fold change values (log base 2) computed in all possible species-to-species
comparison using the two libraries.
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quantitative analysis, a variant of which is already implemented
in published algorithms such as mapDIA developed by our
group.20 Despite some caveats, the overall results suggest that
rigorously selected fragment intensity data have a great
potential to provide additional quantitative information on a
comparable quality to MS1 intensity data. As we illustrate in the
next data set, the availability of repeated measurements of each
compound can be an advantage over MS1 data, which often
improves the statistical power to detect signals of a small
magnitude.20

Spectral Libraries Built Directly from DIA Data May Not Be
Reliable in Small Sample Analysis. Since molecular identi-
fication does not always rely on MS/MS database searching in
metabolomics, the only benefit of DDA-based library building is
in the specificity of fragment ions in their mapping to precursor
ions in our workflow. Hence we also explored the possibility of
building a MS/MS library directly from the DIA-MS data. The
idea is straightforward: putative molecular formulas are assigned
using MS1 data from the DIA runs, and precursor-fragment
mapping is filtered based on the correlation of XICs between
MS1 and MS/MS data, as is often completed in the targeted
extraction steps of existing DIA-MS data processing tools
utilized in proteomics. To do this, we used the precursor-
fragment pairing algorithm in the DIA-umpire package23 in

each sample and used MetaboDIA to align precursor-fragment
pairs across the samples by RT, while requiring that the
precursor-fragment pairs appear in at least 3 DIA runs when
building the MS/MS library (user option). We then compared
the resulting DIA-based libraries in positive and negative modes
to the corresponding DDA-based libraries.
Figure 2b shows the overall comparison of DDA- and DIA-

based libraries. The libraries shared 537 CIUs, of which 333
(62%) scored spectral similarity score 0.5 or above. This
relatively low overlap likely comes from the lenient
reproducibility requirement, i.e., appearance in as few as 3
technical replicate runs. This suggests that building spectral
libraries directly from DIA data is difficult in small-sample
analysis settings, in which generation of DDA data for a
customized library building does not incur too much cost
anyway. However, we show in the next data set that this
difficulty can be overcome in large-sample analysis settings.
Surprisingly, the DIA-based library tended to have fewer

MS/MS peaks than the DDA-based library in this data set. The
observation is likely due to the lack of specificity in precursor-
fragment pairing, in which some fragments were lost due to the
possibility of assignments to multiple precursors that are
coaquired in the DIA-umpire pipeline. Despite the discrepancy
in the libraries, the peaks with high intensity value in each CIU

Figure 3. Evaluation of the quality of quantitative data extracted from MetaboDIA, with comparison between MS1-level versus MS/MS-level
quantitative data. (a) Summary results of the DDA-based MS/MS library built using MetaboDIA. The numbers represent the number of CIUs with
different score ranges. (b) Measured coefficients of variation for metabolite quantification using the three different data extraction methods: MS1
peak area data from MS-DIAL, MS1 intensity data from MetaboDIA, and MS/MS intensity data from MetaboDIA (DDA-based library). The data
shown are from the positive ion mode data set. (c) Differential expression output (log 2-fold change) from mapDIA between choroidal
neovascularization (CNV), polyploidal choroidal neovascularization (PCV), and healthy controls. Red and blue symbols are significantly altered
metabolites with positive and negative log 2-fold changes, whereas gray symbols are the metabolites that were not statistically significant in any
comparisons. (d−g) Boxplots showing the distributions of MS1 intensity and MS/MS intensity data for phosphatidylcholine, pinolenic acid,
docoxahexaenoic acid, and eicosatetraenoic acid in the three comparison groups. The data were extracted using the DDA-based library.
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tended to be shared, and the extracted quantitative data using
both libraries were also highly correlated in terms of relative
quantification. Figure 2c shows that the fold change estimates
from pairwise comparisons of 10 algae species, calculated by the
mapDIA software with default parameters for fragment
selection, were consistent between the two extractions
(Supporting Information). In summary, building customized
MS/MS libraries from DIA runs seems to carry high risk of
poor precursor specificity in data sets with a small number of
samples (e.g., 3 replicates of a biological sample), but
quantitative analysis with careful selection of fragment ions
may reduce the risk even in the small sample analysis setting.
Analysis of AMD Data Set. To demonstrate MetaboDIA

in complex clinical samples, we applied the workflow to a
clinical metabolomics data set consisting of 20 choroidal
neovascularization cases (CNV-AMD), 20 polypoidal choriodal
vasculopathy cases (PCV), and 20 healthy controls (see the
Experimental Section).21 Each sample was first analyzed by
DDA, followed by the SWATH acquisition with 25 Da isolation
windows on an AB Sciex TripleTOF 5600+ system coupled to
reverse phase liquid chromatography with positive and negative
ion mode scans separately (see the Experimental Section for
instrument setup details). For the purpose of benchmarking, we
again evaluated spectral library building and MS/MS-based
quantification from MetaboDIA in comparison to the analysis
using MS1-based quantification data in both MetaboDIA (using
DDA data) and MS-DIAL software (using DIA data).
Customized Spectral Library Building from DDA Data. We

first built spectral libraries from the DDA data acquired in
positive and negative modes separately. The DDA-based library
for positive and negative mode data contained 982 and 847
CIUs, respectively. These CIUs were assigned molecular
formulas with monoisotopic mass searching of MS1 data.
After RT alignment, we specified that each CIU must have MS/
MS data (with paired precursors) in at least one-third of 60
samples, and each fragment ion must appear in at least 50% of
the samples with MS/MS data. The two conditions impose
markedly more stringent reproducibility criteria in customized
library building than the process in the marine algae data set,
which is made possible with the availability of 60 DDA runs.
For precaution, however, we clearly indicate in how many
samples each spectrum was reproducibly observed in the
customized library.
In the resulting spectral library for positive and negative

modes, no more than 156 and 81 CIUs were matched to the
combined NIST 14, MassBank, and LipidBlast reference library
(spectral matching score 0.5 or above). In our default
validation, we queried each CIU against all reference MS/MS
spectra associated with the putative formulas assigned by MS1.
When we did not limit the search space to those sharing the
same formulas, putative formulas were only validated in 109
and 61 CIUs in the positive and negative modes, respectively.
This observation suggests that the monoisotopic mass filter of
MS1 data improves the rate of validation using reference
libraries, highlighting the importance of analyzing MS1
precursor data together with MS/MS data during the
compound identification process. The resulting library
contained a variety of metabolites including amino acids, fatty
acids, and phospholipids (the library files are available in the
software release).
Although some CIUs included reference library validation,

the customized library also contained many CIUs that either
scored poorly (score below 0.5) or had no matching peak at all

against any library spectra (score 0) (Figure 3a). One possible
source of this phenomenon is that the peaks present in DDA
data could not be replicated as consistently in DIA runs as in
DDA runs. This is possible because more precursor ions are
fragmented within the same isolation window, which not only
causes fragment ion interference but also suppression of the
detected intensities of the individual fragments. In this scenario,
our reproducibility requirement (20 or more samples, 50% in
available MS/MS spectra) can easily remove those fragments.
More importantly, many putative formulas assigned by
monoisotopic mass search of MS1 data were not part of the
reference MS/MS libraries, of 1829 CIUs, MS/MS records
were missing for 585 molecular formulas in the combined
reference library. As in the previous data set, we could retain
these consensus MS/MS spectra in the library and quantified
them by MS/MS in our workflow. However, compound
assignment in these CIUs should be given further scrutiny.

Fragment Ion Quantification Provides High-Quality
Quantitative Data in Complex Samples. We next compared
the quality of relative quantification from different data
extraction methods, including MS1 peak area data from MS-
DIAL (using the rows in the data matrix with library
validation), MS1 intensity from MetaboDIA (records with
MS/MS only), and MS/MS intensity from MetaboDIA. Since
we did not have quality control runs or biological/technical
replicates in this experiment, we measured the coefficient of
variation using the data for the 20 healthy samples, pretending
as if they were biological replicates. We treat this CV measure
as “pseudo” CV hereafter, acknowledging that there is
interindividual variation captured in the numerator part of
the CV formula (standard deviation divided by mean of log 2
intensity data).
Figure 3b summarizes the result. There were 721, 982, and

883 quantified compounds in the three versions of positive
mode data with MS/MS evidence, respectively. MS-DIAL
reported very few compounds with MS/MS evidence in the
negative mode data, and therefore we used the positive mode
data for comparison between the two software packages.
Contrary to our expectation, the pseudo CV values were
generally smaller in this data set than the marine algae data set.
We attribute this to the availability of 60 samples in this data
set, which tends to shrink the sample standard deviation. The
CV values were again the smallest in the MS1 intensity from
MetaboDIA among the three options, and most values were
below 20% CV.

Differential Expression Analysis of CNV, PCV, and Healthy
Controls. Using the quantitative data obtained by each
extraction method, we performed differential expression
analysis to identify metabolites differentiating the three groups
(CNV, PCV, and healthy controls) using the mapDIA software
package.20 We first note that the fold changes for all pairwise
comparisons were highly consistent between MS1 intensity and
MS/MS intensity within the MetaboDIA extraction (Figure
3c).
Comparison of the differential expression analysis results

between MS-DIAL and MetaboDIA was difficult because there
are various factors influencing the input data to the statistical
analysis. First, the compound assignment process is significantly
different between the two pipelines: MS-DIAL uses a
composite score from MS1 and MS/MS data, and the
molecular formulas are assigned from a different background
list of formulas. The latter discrepancy was also observed in the
recent comparison between MS-DIAL and Met-DIA.17 Second,

Analytical Chemistry Article

DOI: 10.1021/acs.analchem.6b05006
Anal. Chem. 2017, 89, 4897−4906

4903

http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.6b05006/suppl_file/ac6b05006_si_001.pdf
http://dx.doi.org/10.1021/acs.analchem.6b05006


MS-DIAL performs imputation for missing peak data, which we
have no control to disable as a user. Even if we limit the
comparison to the 95 MS/MS validated compounds with a RT
difference less than 30 seconds between MS-DIAL and
MetaboDIA, the within-sample correlation of quantitative
data between the two versions of quantitative data was on
average at most 0.47 (95% range, 0.29−0.61), suggesting a
substantial difference in the overall identifiable and quantifiable
results. We therefore refrained from further direct comparison
of differential expression analysis between MS-DIAL and
MetaboDIA.
The mapDIA analysis of fragment ion intensity data revealed

that both PCV and CNV patients had higher serum
concentration of glycerophospholipids,24 covalently modified
amino acids and di/tri- peptides,25 a variety of ω-3 and ω-6
polyunsaturated fatty acids and their derivatives, and a few
carnitine species in this data set (see the full results in
Supplementary Table 1). Figure 3d−g show the serum
concentration of phosphatidylcholine, pinolenic acid, docox-
ahexaenoic acid, and eicosatetraenoic acid, which are mostly
elevated in both AMD groups, with the exception of pinolenic
acid (up in CNV patients but not in CNV). The corresponding
figures for the same set of compounds in DIA-based library
extraction can be found in Supplementary Figure 2, which
shows identical patterns across the compounds. The overall
quantitative trend for 197 significantly altered compounds can
also be seen in Supplementary Figure 3.
Interestingly, although docosahexaenoic acid (DHA) along

with and eicosapentaenoic acid (EPA) have been shown to be
associated with lower risk of neovascular AMD for Caucasians
in the previous literature,26 the figure clearly shows that DHA
was consistently elevated in both AMD patients over healthy
controls in this study population consisting of relatively older
Chinese subjects. Meanwhile, a few compounds with reference
library validation were also differentially expressed between the
CNV and PCV patients, but they were mostly reaffirming the
compounds that were uniquely differential (from the controls)
in one of the two AMD groups. In summary, overall
metabolomic difference was less pronounced between the two
subgroups than the difference between cases and controls.
While differential analysis results should be validated in a

follow-up study, these figures show that the MS/MS intensity
data replicates the consistent patterns observed in MS1
intensity data. More importantly, when we performed the
same quantitative comparison using the MS1 data with
mapDIA, the statistical significance measures were substantially
conservative this time, yielding only 24 (FDR 5%) compounds
(Supplementary Table 1). As a result, the case-to-control or
PCV-to-CNV differences that were statistically significant in the
MS/MS-based analysis were no longer significant at the same
overall type I error (false discovery rate), despite the
consistency in the fold changes between the two versions of
the data. Given that we have a modest sample size (20)
representing each group and measurements are missing in some
samples, this shows that the downstream statistical analysis
benefited significantly in terms of statistical power from the
availability of repeated measurements via MS/MS-based
quantification. However, the caveat is that not all statistically
significant compounds are true positives, and therefore further
validation experiments are necessary to definitively attribute the
increased number of reported compounds to improvement in
power.

Alternative Workflow for DIA-Based Library Yields Similar
Quantitative Downstream Analysis Results. Following the
example in the algae data set, we again built a spectral library
and performed quantitative analysis using MS/MS data solely
based on the DIA-MS data. The DIA-based library contained a
similar number of CIUs to that of DDA-based library
(Supplementary Figure 4a). As in the DDA-based library, not
all CIUs appeared in tens of samples, and we reiterate that the
count of 1780 CIUs does not mean that we have solid MS/MS
evidence replicating fragmentation patterns in reference
libraries for each and every compound. When we compared
these spectra against the reference library, once again only 146
CIUs were reliably verified (score 0.5 or above). When we
compared the DDA-based and DIA-based libraries, however, a
majority of library entries in the DIA library could be replicated
with spectral similarity score above 0.5 (Supplementary Figure
4b). Overall, this reaffirms that the majority of our experimental
MS/MS spectra do not reproduce the same fragmentation
patterns in the reference library under our instrument setup,
and it underscores the urgent need to build customized libraries
under specific instrument setups.
We next used the resulting library to extract quantitative MS/

MS data and performed differential expression analysis for the
three groups. We note that we did not perform targeted re-
extraction of fragment ions based on the customized library
here, which has been implemented in popular targeted
extraction software such as Skyline, OpenSWATH, and
Spectronaut. Instead, we used the initial peak apex heights
extracted by the DIA-Umpire software as measurements for
fragment ions. Comparing the fold changes in pairwise
comparisons, we found that the majority of the compounds
had highly similar fold change values (Supplementary Figure
4c). Both results suggest that our reproducibility-driven
consensus spectral library building can yield a DIA-based
spectral library of comparable quality to the DDA-based library
in a large-scale metabolomics experiment. However, this
approach still does not guarantee removal of contamination
by fragments from coeluting ions, and therefore a more
systematic approach to establish a robust precursor-fragment
mapping will be needed when building libraries directly from
DIA data.

■ DISCUSSION AND CONCLUSION
In summary, MetaboDIA provides a unique workflow to
maximize the utility of MS/MS data for metabolite
identification and quantification in the context of untargeted
metabolomics. Our workflow is clearly different from the MS-
DIAL tool for untargeted data extraction as the focus of
MetaboDIA is in building customized spectral libraries for MS/
MS-based relative quantification. The structure of the
assembled MS/MS libraries incorporate the uncertainty for
MS1 based molecular formulas assignments by labeling them as
putative and listing all putative formulas for each library entry.
The frequency of these putative assignments as detected in the
user’s data is also recorded. This ambiguity will be resolved only
when external MS/MS-level evidence (e.g., reference libraries
or internal data generated with authentic standards) shows
identical fragmentation patterns to the empirical spectra.
The advantage of this workflow is that the user retains the

consensus MS/MS data that frequently appear in their data set,
even though no existing MS/MS spectra in public, reference
libraries may exist to validate them. The utility of this approach
is appreciable considering that the reference MS/MS libraries
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containing more than hundreds of thousands of records validate
merely a few hundred compounds per sample at best in our
experience. As such, storing MS1 and MS/MS evidence with
the distinction for the compounds with solid validation by MS/
MS and the ones without, is an important feature for any
informatics suite for metabolomics application, which is
gradually being recognized as an important problem in the
metabolomics literature.18

Although MS1 data remains the major anchor for compound
identification and quantification (i.e., without solid MS/MS
data), our work clearly demonstrated the utility of MS/MS data
as a source of relative quantification in two independent data
sets. This is one of the first applications using DIA-MS where a
customized spectral library is constructed to avoid loss of data.
The analysis of the two data sets suggests that the quality of
MS/MS-based quantification is comparable to that of MS1-
based quantification in terms of CVs. Included in this is the
added advantage that MS/MS data provide improved sensitivity
for differential expression analysis and metabolite quantification
by repeated measurements of fragment ions.
While our customized library workflow enables MS/MS-

based quantification of small molecules, there is ample room for
improvement in the current implementation. First, although we
imposed stringent reproducibility criteria in the library-building
step, we have yet to investigate the possibility of more
streamlined inclusion criteria for fragment ion peaks, sample-to-
sample reproducibility and RT alignment. Scoring the unique-
ness of each fragment of the assigned compound and
incorporating expected fragment ions for each putative formula
using external data sources should also be considered. Second,
although our pipeline makes efforts to avoid multiple
compound names assigned to a single peak cluster by stepwise
separation (molecular formula and RT separation), the current
selection of the best representative formula is selected by the
frequency of observation in the given sample set, and we can
further reduce this ambiguity by supplementing MetaboDIA-
built libraries with data from reference libraries.
Last, but not the least, our current implementation of MS/

MS-based quantification does not perform fully targeted
extraction of fragment ions as we used the first two quality
tiers of data reported from the signal extraction module of DIA-
umpire. This portion of data catalogues MS/MS data for those
precursor ions with at least two isotopes appearing in the MS1
data, hence there is no ambiguity in determining the charge
state of the compound. However, there are a handful of MS/
MS peaks that are not clearly associated with a precursor ion in
SWATH scans, and thus expanding the coverage to those MS/
MS peaks by targeted extraction, independent of MS1 data, will
increase the volume of extracted data thus providing a more
comprehensive catalogue of the experiment’s data. This will be
an easy extension since there are multiple software pipelines
such as Skyline27,28 and OpenSWATH28 that can perform
targeted extraction. We nevertheless suspect that fully targeted
extraction still carries the risk of incorrect fragment selection
when unique MS/MS fragment ions are rare for a compound
(e.g., lipids) and its precursor abundance is low.
In this work, we also attempted to build spectral libraries

directly from the DIA data alone, where the precursor-fragment
map is not complete. While this carries the risk of producing an
incorrect association between a precursor and its fragment ions,
we observed that the internal library built from DDA data was
consistent with the one built from DIA data in large-sample
analysis settings. This yielded nearly identical MS/MS spectra

for a few hundred compounds. We suggest that our strict
reproducibility criterion produces consensus library spectra of a
reasonable quality, but more future work will be needed to
establish a systematic way to aid the correct pairing of fragment
ions to their parent compound. This endeavor will involve
more than computational optimization. In certain chromato-
graphic separation systems, for example, we have frequently
observed crowding of precursor ions around a range of m/z
values. If this is information has been documented, we can learn
from these data and subsequently design a more optimized set
of precursor isolation windows that will substantially improve
the specificity of the precursor-fragment map. We leave this for
further investigation in the future.
The R package MetaboDIA is freely available for academic

use (Apache 2.0 license) at SourceForge repository, https://
sourceforge.net/projects/metabodia/.
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